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ABSTRACT
ESTIMATING THE THICKNESS OF AN ULTRAHIGH-PRESSURE (UHP)
TERRANE: INSIGHTS FROM PHASE EQUILIBRIA MODELLING
AND ZR-IN-RUTILE THERMOMETRY, DULAN AREA,
NORTH QAIDAM TERRANE,
NORTHWEST CHINA
by
David Hernández Uribe
May 2017

The North Qaidam UHP terrane, in western China, exposes minor UHP eclogites
hosted by ortho- and paragneisses. In the southeastern part of the terrane, the Dulan area
exposes eclogite with the mineral assemblage Grt + Omp ± Ky ± Ph ± Zo ± Qz/Coe.
LASS U-Pb analyses of zircons yield weighted mean ages of 463-425 Ma, and REE
patterns indicate that these ages record the eclogite-facies metamorphism. Inherited
zircon cores yield ages of 928-905 Ma, and REE patterns indicate that the eclogite´s
protolith had a magmatic origin. Zr-in-rutile thermometry reveals that Dulan eclogites
record peak temperatures of 647-711°C. Spatially distributed peak temperatures show an
east-west temperature gradient of ~1 °C km-1 and a slow temperature increase of ~1 °C
Myr-1. Our results indicate that retrogression can modify the original rutile´s Zr and Nb
content, and therefore the obtained Zr-in-rutile temperatures. Phase equilibria modelling
and Zr-in-rutile thermometry of four eclogites indicate they reached peak metamorphic
iii

conditions at ~26-32 kbar and ~630-690 °C. Coupling garnet mode isopleths with Grs
isopleths appears to be a powerful approach to build P-T paths in eclogites where the
original garnet composition has been modified by diffusion. The prograde path
determined from one sample indicates that the eclogite followed a gradient of ~4-8 °C
km-1, and underwent prograde metamorphism through the lawsonite stability field. The
presence of retrograde amphibole and zoisite suggests that hydration happened during
early retrogression, at ~23 kbar and <750 °C. Pressure fluctuations in the P-T path
suggest that the Dulan area experienced subduction and exhumation cycles. Our results
indicate that the Dulan area experienced slow heating, and a protracted eclogite-facies
metamorphism (~38 Myr). Comparing predictions of thermal models to both the shape pf
the P-T path and to the range of peak temperatures from spatially distributed samples
suggests that the Dulan UHP area exhumed as part of a body at least 3-4 km thick.
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1. INTRODUCTION
Ultra-high pressure metamorphism (UHP)
is defined by the presence of coesite (high
pressure quartz polymorph; pressure (P)
>27 kbar, depths>80 km), and is a product
of continental subduction and collision

Figure 1. Schematic cross-section of a continental
collision zone, showing the places where the UHP
crust will formed. The letter a represents the
thickness of the terrane. Modified from Fagin,
(2015).

(Figs 1 & 2; Gilotti, 2013). UHP terranes
mostly comprise sequences of quartzo-

feldspathic gneisses, with layers, blocks, and/or boudins of eclogites (Gilotti, 2013).
The thickness of an UHP terrane controls the relation between the surface traction
and local body forces during subduction and collision and therefore, it is crucial to the
interaction between the mantle and crust (Fig. 1; Hacker & Gerya, 2013). Thickness
controls the thermal evolution of an UHP terrane (Roselle & Engi, 2002) so the P-T path
shape and spatial variations of peak temperatures can constrain the terrane´s thickness,
but uncertainties using conventional thermobarometry obscure these relationships.
The North Qaidam UHP terrane, in the northern part of the Tibetan Plateau,
China, represents an early Paleozoic continental suture zone (Fig. 3; Song et al., 2014b
and references therein). The Dulan area, in the southeastern part of the North Qaidam
UHP terrane, experienced peak pressures of ~30 kbar and peak temperatures of ~700 °C
(Song et al., 2003b; Song et al., 2006; G. Zhang et al., 2009; J.X. Zhang et al., 2009;
Song et al., 2014b).
1

Figure 2. Metamorphic facies diagram. The green shaded area shows eclogite-facies conditions. The
quartz-coesite transformation represents the limit of UHP metamorphism. A-amphibolite facies. GRgranulite facies. BS-blueschist facies. Modified from Gilotti, (2013).
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Figure 3. Location of all the UHP terranes on the Earth. Filled symbols show locations where evidence
of UHP metamorphism has been found. Open symbols show locations where UHP metamorphism has
been inferred from modeling. The North Qaidam terrane is shown in bold red letters Modified from
Gilotti, (2013).

Eclogites from the area record eclogite-facies ages c. 459-422 Ma, with a duration of ~23
Myr of UHP metamorphism (Song et al., 2003a; Mattinson et al., 2006; J.X. Zhang et al.,
2010). Although the Dulan area has been the subject of several petrological and
geochronological studies, there has not been a detailed assessment of the thermal
structure of the area, and the terrane thickness has not been constrained.

1.1) AIM OF THE STUDY AND OBJECTIVES
This thesis takes a multidisciplinary approach to constrain the thickness of the
exhumed Dulan UHP area (Fig. 4). It has been suggested that the exhumed Dulan UHP
area was thin enough (2-20 km) to allow conductive cooling (Mattinson et al., 2011).
However, better constraints are needed to compare the tectonic history of the terrane with

3

Figure 4. Geology of the studied area. (a) Map of China showing the Qaidam-Qilian-Altyn region
with the location of UHP rocks in the North Qaidam terrane. The yellow box in the lower right
corner of the North Qaidam terrane indicates the location of figure b. Modified from Mattinson et al.
(2007). (b) Simplified geologic map of the Dulan area showing the location of eclogite samples
analyzed in this study. Sample D205 is a float block. Modified from Mattinson et al. (2007).
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existing UHP tectonic models and evaluate possible formation scenarios (e.g. Roselle &
Engi, 2002; Kylander-Clark, 2012).
The objectives of this study are to:
1. Constrain the timing and duration of the HP-UHP event of the Dulan UHP area.
2. Document the thermal structure of the Dulan UHP area.
3. Characterize the P-T path of the eclogites.
4. Constrain the thickness of the Dulan UHP area.

1.2) ORGANIZATION OF THE STUDY
This thesis comprises two separate studies of eclogites from the Dulan area, each
one as a different chapter. Following this introduction, I discuss some of the concepts and
theory of the techniques I used to accomplish the proposed objectives (chapter II).
Chapters III and IV are two stand-alone papers, each of which contains its own
introduction, results, discussions and conclusions. Chapter III addresses objectives 1, 2
and 4. In this chapter, I integrate the systematic application of zircon U-Pb
geochronology and geochemistry, and Zr-in-rutile thermometry to a set of spatially
distributed eclogites. The main objectives of this chapter are to constrain the timing and
duration of the HP-UHP event, and to document the thermal structure of the Dulan UHP
area. This chapter integrate data from previous students (Regel, 2015). My results
constrain the thickness of the Dulan UHP area to at least 3-4 km, evaluate the
applicability of Zr-in-rutile thermometry to HP-UHP eclogites, and shed light to the
tectonics on long-lived UHP terranes (>10 Myr). Chapter IV addresses objectives 3 and
5

4. In this chapter, I present a detailed petrologic study of four eclogites from the Dulan
UHP area. The objective of this chapter is to explore the prograde and peak P-T evolution
of eclogites from the area using phase equilibria modelling, conventional
thermobarometry, and Zr-in-rutile thermometry. My results evaluate the applicability of
these techniques in HP-UHP eclogites, discuss the tectono-metamorphic evolution of the
area, and constrain the thickness of the Dulan UHP area to at least 3-4 km, consistent
with the results from chapter III. Finally, in chapter V, I review the conclusions from
chapters III and IV together, and make overall conclusions of the proje

6

2. BACKGROUND
2.1) UHP METAMORPHISM
The idea that buoyant continental crust does not subduct has been gradually
abandoned due to the recognition of UHP metamorphism of continental crust found in
orogenic belts around the world (Fig. 3; Chopin, 2003; Gilotti, 2013). In 1984, the
simultaneous discovery of metamorphic coesite (Fig. 2), in the Dora-Maira Massif, Italy
(Fig. 3; Chopin, 1984) and in the Western Gneiss Region, Norway (Fig. 3; Smith, 1984),
marked a pivotal point in the history of metamorphic geology and continental-collision
tectonics. The presence of this mineral, either as inclusions in other minerals or as part of
the mineral assemblage, was deduced to be compelling evidence that continental crust
can subduct to mantle depths, and moreover, that it can return to the Earth´s surface (Figs
1 & 2). Six years later, the discovery of microdiamonds (Fig. 2) in metamorphic rocks
from the Kokchetav Massif, Kazakhastan (Fig. 3; Sobolev & Shatsky, 1990) not only
supported this hypothesis but also demonstrated that continental crust can reach even
greater depths than previously thought.
HP and UHP metamorphism is fundamental to understand geodynamic and
tectonic processes in the Earth (Chopin, 2003). The discovery of coesite and diamond in
crustal rocks resulted in an improved understanding of continental lithosphere dynamics,
especially the interaction between the mantle and crust (recycling processes), and the
rheology of Earth´s materials under extreme conditions. As a result, a remarkable
explosion of new research involving techniques like petrology, thermobarometry,
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geochemistry, and geochronology led to the reassessment of most metamorphic
complexes and orogenic belts around the world.
Today, the research and discussion are focused on different aspects of UHP
metamorphism, including mineral phase relations, the role of fluids, classification of
UHP terranes, the thermal structure of subduction zones, and models of the tectonometamorphic evolution of UHP terranes, among others.

2.2) UHP TERRANE THICKNESS
The tectonic evolution of UHP terranes is controlled by global tectonic and local
body forces (e.g. buoyancy; Hacker & Gerya, 2013). Tectonic forces are responsible for
the prograde history of UHP terranes, whereas local body forces have direct influence in
their exhumation (Hacker & Gerya, 2013). A key variable in the evolution of UHP
terranes is the terrane´s thickness (Fig. 1; Roselle & Engi, 2002; Kylander-Clark et al.,
2012). Thickness controls the thermal evolution of an UHP terrane and the balance
between surface traction and local body forces during subduction and collision (Roselle
& Engi, 2002; Hacker et al., 2013). This balance affects the subduction depth, subduction
velocity, and thermal conditions in the subducting slab (Roselle & Engi, 2002).
Thickness also distinguishes UHP terranes with different characteristics. Small
(exposed surface), thin (<2 km), young, and fast (duration of UHP metamorphism) UHP
terranes are proposed to form early during orogeny, and large, thick (>5 km), old, and
slow UHP terranes form during the end of orogeny (Kylander-Clark et al., 2012).
Moreover, thickness affects the terrane´s P-T path from subduction to exhumation
8

(Roselle & Engi, 2002). Thin terranes have a “hairpin” P-T path and show small peak
temperature variations, because thin terranes carry less heat (Roselle & Engi, 2002); thick
terranes have more open P-T paths and show large peak temperature variations, because
they carry more heat (Roselle & Engi, 2002).
Using spatially distributed P-T information and the P-T path, existing tectonic
models can be tested and can put constrains on the terrane thickness (e.g. Roselle & Engi,
2002; Young et al., 2007; Kylander-Clark et al., 2012)

2.3) P-T CONSTRAINTS: PHASE EQUILIBRIA MODELLING AND
CONVENTIONAL THERMOBAROMETRY
Over the last century, P-T conditions in metamorphic petrology were estimated
using phase diagram projections, petrogenetic grids and inverse modelling. Inverse
modelling, such as exchange reactions and net transfer reactions (e.g. garnet-omphacite
thermometer and garnet-omphacite-phengite barometer, respectively) calculate P-T
conditions using mineral compositions and a specific set of thermodynamic data to obtain
the intersection between a barometer and a thermometer (Spear, 1995). However, the
large uncertainties in the garnet-omphacite thermometer due to the presence of Fe3+ can
lead to errors over ± 100-300 °C, obscuring the precision necessary to make distinctions
between different tectonic models (e.g. Carswell et al., 1997; Krogh Ravna & Terry,
2004; Hacker, 2006).
Phase equilibria diagrams (also called isochemical diagrams, equilibrium
assemblage diagrams or pseudosections) are a powerful approach to elucidate phase
9

relations in metamorphic rocks (Connolly & Petrini, 1990, 2009). Phase equilibria
diagrams predict, based on an internally consistent thermodynamic database, the P-T
conditions at which a specific mineral assemblage is stable for a specific bulk rock
composition (Connolly & Petrini, 1990, 2009). These diagrams have the potential to
predict specific mineral compositions and abundances. These predictions can be used to
construct P-T paths using the measured mineral chemistry in the samples (e.g. garnet
zoning). Phase equilibria diagrams provide new insights into HP-UHP processes. They
not only can better constrain P–T conditions but can also give additional information
about petrogenesis during HP-UHP events, such as the stability of mineral assemblages,
changes in mineral composition, and other important variables, such as oxidation state
and fluid release (Rebay et al., 2010; Diener & Powell, 2010; Palin et al., 2014).
The selection of the “correct” or “representative” effective bulk rock composition
can represent a challenge because of the continuous compositional fractionation that
modifies the equilibrated part of the rock in response to changes in thermodynamic
conditions (e.g. garnet growth; Palin et al., 2016a). The use of an “incorrect” composition
can lead to failures in the modelling, or misestimations of calculated P-T conditions
(Guevara et al., 2016; Palin et al., 2016a).
In this thesis, P-T paths and peak conditions were obtained using phase equilibria
diagrams built with the software Perple_X (Connolly, 1990; Connolly, 2009). This
program uses an internally consistent thermodynamic database and Gibbs free energy
minimization to predict the stability of mineral phases. The phases with the lowest Gibbs
free energy are assumed to be in equilibrium and stable at a specific P-T conditions.
10

One of the powerful tools of phase equilibria modelling is compositional and
abundance contouring (also called compositional and volume isopleths). Phase equilibria
modelling allows us to plot the composition of every mineral with a solid solution model
and track how the solid solution composition changes in the modelled P-T space.
Therefore, it is possible to compare the predicted with the observed (measured) mineral
compositions in the sample. The intersection between compositional and volume
isopleths can be used to delimit the modeled peak mineral assemblage field, making the
P-T estimates more precise. For instance, it has been long recognized that garnet
chemical zoning records the P-T evolution of the rock. Using the garnet isopleth
thermobarometry approach, it is possible to quantify the P-T path responsible for the
zoning present in the garnet.

2.4) ZR-IN-RUTILE THERMOMETRY
Trace element thermometry (e.g. Zr-in-rutile, Ti-in-quartz, and Ti-in-zircon) relies
on the concentration of a trace element in a specific mineral. Zr-in-rutile thermometry is
based on the abundance of Zr in rutile, coexisting in equilibrium with quartz and zircon
(Zack et al., 2004). As rutile crystalizes, it incorporates Zr (in ppm) as a function of
temperatures. Using the Tomkins et al. (2007) calibration, it is possible to obtain a “peak”
temperature at a given pressure. This technique has been successfully applied to rocks
from different tectonic settings, from low-temperature blueschist facies (e.g. Spear et al.,
2006), to UHP eclogite facies conditions (G. Zhang et al., 2010). Zr-in-rutile
thermometry has been applied to HP-UHP eclogites using the Tomkins et al. (2007)
11

calibration, which accounts for the pressure dependence of the thermometer.
Temperatures obtained from Zr-in-rutile thermometry (uncertainty <30 °C; Tomkins et
al., 2007) better constrain the peak temperature compared to phase equilibria diagrams
alone, because it is independent of the thermodynamic data used for constructing the
phase equilibria diagrams.

2.5) ZIRCON: LINKING TIME WITH P-T CONDITIONS
Zircon, ZrSiO4, is the Earth´s time keeper (Harely & Kelly, 2007). For a long
time, zircon has been a useful and powerful geo-chronometer; recently it has begun to be
used as a thermometer. Zircon is a refractory mineral, and thus can survive during partial
melting, weathering, and metamorphism of the host rock (Rubatto & Hermann, 2007).
Zircon crystalizes from Zr-saturated fluids, including melts, and as it grows, it
incorporates U and Th in its lattice and excludes Pb. Over time, U and Th decay and form
radiogenic Pb (Harely & Kelly, 2007). The accumulation of radiogenic Pb allows
determination of U-Pb isotopic ages through different techniques (e.g. secondary ion
mass spectrometer (SIMS), Laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS)). However, radiation damage in zircon is a common effect that can lead to
the resetting of the U-Pb system and therefore, a resetting of the age information (Rubatto
& Hermann, 2007). Because of its robustness and slow diffusion within zircon, this
mineral typically preserves isotopic and rare earth element (REE) signatures that have
made it one of the most versatile chronometers in the Earth (Harely & Kelly, 2007).
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Zircon´s geochemical signature defines its origin (Rubatto & Hermann, 2003,
2007). Zircon formed at eclogite-facies conditions has a characteristic REE signature. At
eclogite-facies conditions, zircon grows in the presence of garnet (which sequesters
heavy-REE; HREE), and in the absence of plagioclase (which sequesters Eu). Therefore,
the expected REE pattern will have a flat HREE slope and no negative europium (Eu)
anomaly (Rubatto, 2002; Rubatto & Hermann, 2003). On the other hand, the expected
magmatic or low-medium metamorphic REE pattern will be a steep HREE slope and
prominent Eu anomaly, due to the presence of plagioclase and the lack of garnet
(Rubatto, 2002; Rubatto & Hermann, 2003). Analyzing the geochemical signature of the
zircon allows to link the age with specific crystallization P-T conditions.
Metamorphic zircon forms through the re-crystallization of pre-existing zircons
and due to the presence of fluids along the rock´s P-T path (Rubatto & Hermann, 2007).
Because of its refractory nature, zircon can preserve mineral inclusions during its growth.
For example, in UHP terranes, coesite is usually preserved as inclusions in zircons. These
inclusions give invaluable information regarding the P-T path followed by the host during
the metamorphism.

13

3. THERMAL STRUCTURE OF A LONG-LIVED UHP TERRANE
3.1) INTRODUCTION
Exposures of HP and UHP rocks provide important constraints on tectonic models
of UHP processes, especially on the thermal structure of UHP terranes, and on the timing
and duration of UHP events. Temperatures recorded by UHP terranes (typically 600800°C; Hacker, 2006) led to the idea that in order to preserve evidence of UHP
metamorphism, UHP terranes need to formed during fast subduction, stall at mantle
depths for a short time, and rapidly exhume to crustal depths (Rubatto & Hermann, 2001;
Root et al., 2005; Carswell et al., 2003; Kylander-Clark et al., 2009). However, the
recognition and study of long-lived UHP terranes during recent years suggest that UHP
terranes can remain for a long time (>20 Myr) at mantle depths and yet maintain the
relatively low temperatures needed to preserve evidence of UHP metamorphism (e.g.
Lapen et al., 2003; McClelland et al., 2006; Mattinson et al., 2006; Kylander-Clark et al.,
2007).
The duration of the HP-UHP event and the thermal structure of the terrane are
controlled by the thickness of the slab (Roselle & Engi, 2002; Kylander-Clark et al.,
2012; Hacker & Gerya, 2013). UHP terrane thickness controls the balance between
surface traction, and local body forces during subduction and collision of continental
crust (Kylander-Clark et al., 2012; Hacker et al., 2013). This balance affects the
subduction depth, subduction velocity, and thermal conditions in the subducting slab
(Roselle & Engi, 2002).
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The spatial distribution of T-t datasets enables documentation of thermal and
temporal trends (e.g. Young et al., 2007). Tectonic models for UHP terranes make
different predictions about the presence of spatial and temporal temperature gradients
depending on the thickness of the terrane. Two different scenarios have been suggested
where terranes can stall at mantle depths for a long time (>20 Ma) maintaining relatively
low temperatures (~600-700 °C): (1) there are no resolvable thermal gradients in the
UHP terrane if the UHP body was thin. The UHP body should preserve low temperatures
due to the thermal isolation within the subduction channel (Roselle & Engi, 2002; Hacker
et al., 2006; Rubatto et al., 2011); (2) there are resolvable gradients in the UHP terrane if
the UHP body was thick. The UHP body should preserve low temperatures in the slab
interior because the slab is thick enough that conductive heating requires significant time
to heat the slab interior (Root et al., 2005; Kylander-Clark et al., 2009).
The North Qaidam UHP terrane, in the northern part of the Tibetan Plateau,
China, represents an early Paleozoic continental suture zone (Fig. 4a; Song et al., 2014b
and references therein). The Dulan area, in the southeastern part of the North Qaidam
UHP terrane, experienced peak pressures of ~27-35 kbar and peak temperatures of ~610830 °C (Song et al., 2003b; Song et al., 2006; G. Zhang et al., 2009; J.X. Zhang et al.,
2009; Song et al., 2014b). Eclogites from the area record eclogite-facies ages c. 459-422
Ma, with a duration of ~23 Myr of UHP metamorphism (Song et al., 2003a; Mattinson et
al., 2006; J.X. Zhang et al., 2010). Although the Dulan UHP area has been subject of
several petrological and geochronological studies, there has not been a detailed
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assessment of the thermal structure of the area, and the terranes thickness has not been
constrained.
In this chapter, I integrate the systematic application of zircon U-Pb
geochronology and geochemistry, and Zr-in-rutile thermometry to a set of spatially
distributed eclogites. The main objectives of this contribution are to constrain the timing
and duration of the HP-UHP event, and to document the thermal structure of the Dulan
UHP area. Our results evaluate the applicability of Zr-in-rutile thermometry to HP-UHP
eclogites, constrain the thickness of the Dulan area to 3-4 km, and discuss the tectonic
evolution of the long-lived Dulan UHP terrane.

3.2) GEOLOGIC SETTING
The North Qaidam UHP terrane, western China, is bounded on the northeast by
the Qilian terrane, and on the southwest by the Qaidam basin (Fig. 4a; Mattinson et al.,
2007; J.X. Zhang et al., 2017). The North Qaidam UHP terrane is a ~350 km NW-SE
trending terrane, extending from the Yuka area in the west through the Lüliang Shan area,
the Xitieshan area, and the Dulan area in the east (Fig. 4a; Mattinson et al., 2007). The
North Qaidam UHP terrane eclogites are hosted in the Proterozoic Dakendaban Group
gneiss (Song et al., 2003a; Mattinson et al., 2007). This unit comprises a sequence of
metasedimentary and metaigneous rocks locally intruded by granite and granodiorite
(Mattinson et al., 2007). The rock assemblages in these units suggest that the North
Qaidam terrane has a continental subduction zone related origin (Song et al., 2003a, b;
Mattinson et al., 2007; Song et al., 2014b; J.X. Zhang et al., 2017).
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Geology of the Dulan area
The Dulan area is located in the southeastern part of the North Qaidam UHP
terrane (Figs 4a & b). The Dakendaban Group in the Dulan area is dominated by
paragneisses, pelitic schists, orthogneisses, with minor eclogites (Song et al., 2003b;
Mattinson et al., 2007). All these sequences were intruded by ~400 Ma granitoids (Fig.
4b; Wu et al., 2004; Mattinson et al., 2007). Coesite has been identified as inclusions in
zircon from paragneiss (Yang et al., 2002, 2005; Song et al., 2003b, 2006), and as
inclusions in zircon, garnet, and omphacite in eclogites (J.X. Zhang et al., 2009; G.
Zhang et al., 2009; J.X. Zhang et al., 2010).
Eclogite thermobarometry indicates that the Dulan area experienced peak P-T
conditions of ~27-35 kbar and ~610-830 °C (Song et al., 2003b, 2006, 2014b; G. Zhang
et al., 2009; J.X. Zhang et al., 2009, 2010). HP granulite exposures, constrained to the
western part of the Dulan area, yield P-T conditions of ~15-20 kbar and ~800-950 °C. HP
granulites have been interpreted to represent overprinted HP-UHP eclogites or to
represent the thickened part of the overriding plate (Song et al., 2003a, b, 2006; Yu et al.,
2011, 2014; J.X. Zhang et al., 2017).
Eclogites from the Dulan area record zircon U-Pb ages of c. 449-422 Ma
(Mattinson et al., 2006; G. Zhang et al., 2008, 2009, 2014; J.X. Zhang et al., 2010; Song
et al., 2014b). Three garnet-omphacite-whole-rock Sm-Nd isochrons yield slightly older
ages of c. 459-457 Ma (Song et al., 2003a). Eclogite and host gneiss ages of 459-422 Ma
have been interpreted to indicate a protracted residence at HP-UHP depths (>30 Myr;
Mattinson et al., 2006, 2009; J.X. Zhang et al., 2010, 2017). In contrast, other authors
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have interpreted these ages to represent two different eclogite-facies events (Song et al.,
2006, 2014b; G. Zhang et al., 2009). Coesite inclusions in zircon from eclogites and two
paragneiss reveal that the Dulan area experienced a UHP metamorphic event of ~23 Myr,
from c. 446-423 Ma (Song et al., 2006; J.X. Zhang et al., 2010). Ages from HP granulites
are 435-410 Ma, and overlap with the ages of eclogite-facies metamorphism (Song et al.,
2014a; Yu et al., 2014; G. Zhang et al., 2015).

3.3) SAMPLE DESCRIPTION
Twenty eclogites and one granulite spatially distributed across the Dulan area
were collected for Zr-in-rutile thermometry and zircon U-Pb geochronology and
geochemistry (Fig. 4b). Mineral abbreviations in tables, figures, and text follow Whitney
& Evans (2010) and Table 1. Mineral assemblages and sample information are shown in
Table 2.
Dulan eclogites occur as lenses and/or layers within paragneissic sequences.
Paragneisses have a well-developed foliation, and display a mineral assemblage of Qz +
Ms + Bt + Kfs + Pl + Rt + Ms ± Grt with minor Ky. Eclogites have a peak mineral
assemblage of Grt + Omp + Rt + Qz/Coe ± Zo ± Ph ± Ky. Eclogites show granoblastic
textures, and some display strong foliation (Figs 5a & b). The foliation is defined by the
preferred orientation of omphacite, kyanite, phengite and zoisite (Fig. 5a). Garnet is
present as xenomorphic elongated crystals, and as idiomorphic porphyroblasts (Figs 5a,
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Table 1. List of mineral abbreviations. Modified from Whitney & Evans, (2010)
Abbreviation

Mineral

Abbreviation

Mineral

Abbreviation

Mineral

Amp

amphibole

Ky

kyanite

Rt

rutile

Bt

biotite

Lws

lawsonite

Sym

symplectite

Coe

coesite

Mrg

margarite

Tlc

talc

Chl

chlorite

Ph

phengite

Ttn

titanite

Grt

garnet

Pl

plagioclase

Zo

zoisite

Ilm

ilmenite

Omp

omphacite

Kfs

k-feldspar

Qz

quartz

b, c & d). Omphacite is colorless to light green, and varies from elongated to blocky
crystals (Figs 5a & b). Kyanite is present as elliptical hypidiomorphic crystals along the
eclogitic foliation (Fig. 5d). Phengite occurs as hypidiomorphic-idiomorphic crystals
forming part of the foliation (Fig. 5b). Zoisite occurs as poikiloblasts (Fig. 5c) and as
hypidiomorphic-idiomorphic crystals in the matrix (Fig. 5d).
In retrogressed eclogites, the peak assemblage is partially to totally overprinted by
an amphibolite-facies assemblage of Amp + Pl + Cpx + Ttn + Ilm ± Qz ± Bt. The
retrograde assemblage is characterized by symplectites of Pl + Cpx and Pl + Amp
replacing omphacite (Figs 5c, d & f), symplectites of Mrg/Pg + Pl replacing kyanite (Fig.
5d), and Bt + Pl symplectites replacing phengite. Amphibole also occurs as xenomorphic
poikiloblastic dark (olive) green crystals that show strong pleochroism to light green, and
are optically zoned (Figs 5b & e). Some amphiboles are part of the foliation. In some
eclogites, veinlets cut the foliation of the rock, altering the primary eclogitic mineral
assemblage. Veins are filled with calcite, chlorite, green amphibole, epidote, and/or
opaque minerals. For the purpose of this study, the term retrogressed eclogite refers to
samples where omphacite is >70% replaced by symplectites and/or amphibole.
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Table 2. Location and mineral assemblages of the studied samples from the Dulan area, China.
Sample

Location

Lat (°N) Long (°E) Grt Omp Ph Zo Ky Rt Qz Amp Sym Bt Ilm Ttn Pl Kfs

D3F

36.61

98.44

x

x

x

D16E

36.52

98.62

x

x

x

D22C

36.60

98.48

x

x

D23D

36.61

98.40

x

D30

36.48

98.63

x

D37B

36.46

98.63

x

x

x

D45A

36.47

98.64

x

x

x

D51

36.47

98.65

x

D66B

36.48

98.69

x

x

x

D76

36.56

98.49

x

x

x

D80

36.56

98.49

x

x

x

D126A

36.58

98.43

x

x

D129C

36.58

98.43

x

x

D154

36.50

98.53

x

36.50

98.55

36.49

D161C-B
D164A

1

D167
1

D197

D202A
1

D205

D217A
a

2

Technique

Mineral assemblage

ZIRT U-Pb

x

x

x

x

x

1

2a

x

x

x

x

x

1

1

x

x

x

x

x

x

-

1

x

x

x

x

x

x

x

1

1

x

x

x

x

x

x

1

-

x

x

x

x

x

1

-

x

x

x

x

x

2

-

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

i

x

x

x

i

x

x

x

x

x

x

x

x

x

x

98.59

x

x

x

x

x

x

x

36.63

98.41

x

x

i

x

pc

36.51

98.49

x

x

x

x

pc

x

i
x

36.49

98.51

x

x

x

36.46

98.52

x

x

x

36.52

98.38

x

i

x

x

x
x

x
x

x

s

x

x

1

-

x

2

2

s

x

-

1

s

x

1

-

x

2

2

s
s
s

x

x

1

-

x

x

1

-

x

1

-

x

2

2

x

1

1

1

1

2

2

1

1

2

-

x

x

x

x

x

x

x

x

x

x

x

x
x

x
x

x

U-Pb data from Mattinson et al. (2006)

1

Float boulder.

2

Granulite facies paragneiss.

Abbreviations: ZIRT = Zr-in-rutile thermometry; U-Pb = U-Pb zircon geochronology and trace elements
analysis. i = inclusion; s = symplectite; pc = pseudomorph after coesite. 1 = Sample set 1; 2 = Sample set 2
(see analytical methods).
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Figure 5. Petrographic and textural features. (a) Sample D167. Fresh eclogite with foliated texture.
(b) Sample D205. Fresh eclogite with granoblastic texture. (c-d) X-ray composite images (RGB
images. Red=Fe rich compositions, Green=Mg rich compositions, Blue=Ca rich compositions). (c)
Sample D161B. Zoisite porphyroblast with garnet, omphacite, and quartz inclusions. Omphacite and
phengite are partially to completely replaced by fine-grained symplectites. (d) Sample D16E. Kyanite
rimmed by zoisite + margarite coronas. Omphacite and medium-grained amphibole define the
granoblastic matrix. Omphacite is partially replaced by symplectites. (e) Sample D3F. Rutile
inclusion in garnet. The matrix is composed by amphibole and symplectites. (f) Sample D51. Rutile
in retrogressed matrix, with titanite corona. The matrix is mostly composed of symplectites and
amphibole.
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Rutile is abundant in the eclogites. It is present in the matrix, as well as inclusions
in garnet, amphibole, and zoisite (Fig. 5). Rutile varies from individual grains ~50 μm
long to clusters up to ~1 cm. In retrogressed eclogites, rutile is partially replaced by
ilmenite or titanite coronas (Fig. 5f).

3.4) ZIRCON GEOCHEMISTRY AND GEOCHRONOLOGY
Analytical methods
To investigate the timing and duration of the HP-UHP event in the area, we
analyzed a total of 11 eclogites (Table 2). Zircon separation was performed using
standard crushing, sieving, magnetic and heavy liquids separation techniques, and zircons
were handpicked under a binocular microscope at Central Washington University.
Analyses were conducted in two separate analytical sessions (Table 2). Zircons from
sample set 1 were measured using the laser-ablation split-stream ICP-MS (LASS) facility
at the University of California, Santa Barbara. Zircons from sample set 2 were measured
utilizing the Stanford/USGS SHRIMP-RG (sensitive high-resolution ion microprobe
reverse geometry) facility.
For sample set 1 mounting, cathodoluminiscence (CL) imaging, isotope and trace
elements analyses were performed at the University of California, Santa Barbara.
Samples were mounted in epoxy discs, polished to expose the center of the grains and
carbon coated prior to CL imaging. Zircons were imaged using an FEI Quanta 400F
scanning electron microscope (SEM) with a KE Developments Centaurus Panchromatic
CL detector. CL and reflected-light images were used to identify inclusions, to document
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the shape and the internal zoning patterns of the crystals, and to choose location for the
analyses, avoiding cracks, pits and inclusions. U-Pb isotopes and 16 trace elements were
measured by the LASS technique (for details of the technique see Kylander-Clark et al.,
2013). Zircons were ablated in a He environment using a Photon Machines Analyte 193
ArF excimer laser equipped with a HelEx cell. Laser spot size was 20 μm, the frequency
was 4 Hz and a laser fluence of 1 J/cm2 was used. Zircon 91500 (Wiedenbeck et al.,
1995) was used as the primary standard for U-Th-Pb fractionation, and zircon GJ-1
(Jackson et al., 2004) was used as a primary concentration standard for trace elements.
Zircons MT (Black and Gulson, 1978) and Plešovice (Sláma et al., 2008) were used as
secondary reference materials. Secondary standards yielded ages within 2% of their
expected values.
Zircons from sample set 2 were mounted, imaged, and analyzed at the
Stanford/USGS SHRIMP-RG facility. CL images were collected using a JEOL 5600LV
SEM. The samples were Au-coated and then placed under high vacuum overnight prior to
analysis to minimize gas species interference. Zircon grains were first analyzed for U-Pb
and then for trace elements. The spots size for U-Th-Pb analysis was ~23 μm, and for
trace element analysis was ~17 μm. The U-Pb data analyses followed Williams (1998),
and the trace element analyses followed Mattinson et al. (2006, 2009).
Reported ages are 206Pb/238U ages corrected for common-Pb using 207Pb
(Williams, 1998). Age calculations were performed using Isoplot and SQUID programs
(Ludwig, 2001, 2003) using IUGS recommended decay constants (Steiger and Jäger,
1977). Reported weighted mean ages and upper intercept ages errors are two-sigma.
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Ti-in-zircon thermometry was applied following the Ferry & Watson et al. (2007)
calibration, assuming TiO2 and SiO2 activities of 1 due to the presence of quartz and
rutile in the mineral assemblages of the studied samples (Table 2). Reported Ti-in-zircon
thermometry errors are one-sigma.
Analyses were rejected from results if (1) measurements fell in the boundary
between different CL zones (the age and REE may represent a mix of data) or (2) the
REE patterns indicate the presence of contaminants.

Results
Two categories of zircons, inherited zircon cores and metamorphic zircons, are
described in detail below. Individual isotopic and trace element analyses for each sample
measured using LASS technique are shown in Appendix A. Individual analyses of
isotopic data using the SHRIMP-RG are shown in Appendix B, and analyses of REE are
shown in Appendix C.

Inherited zircon cores
Out of 11 eclogites, samples D16E, D197, and D205 contain zircons with
inherited cores (Figs 6a, 8a & e; Table 3). Most of these zircons are zoned in CL, with
dark cores surrounded by grey and/or bright rims (Figs 6a, 8a & e). Zircons from these
samples range in size from ~50 to ~300 µm, although ~90 % of the zircons are < 150 µm.
Zircon´s shape ranges from well-rounded to angular.
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25

108

2

br

gr

D16E

D16E

25

g-d

g

g

D66B

D76

D126A

0.004 0.030

15
110

872

2026

436

302

404

38

D202A b-g-d
D205
dc

gr-br

WMA = Weighted Mean Age, error reported at a 2σ level.

3

438 ± 3.7 Ma (MSWD = 0.72)

653 ± 39

754 ± 63

753 ± 20

673 ± 25

736 ± 73

681 ± 43

764 ± 18

654 ± 20

29 of 34 435.6 ± 3.6 (MSWD = 3.8)

b

14 of 15 432.4 ± 2.4 (MSWD = 0.60)

79 of 86 426.7 ± 1.4 (MSWD = 1.5)

a

54 of 62 428.7 ± 1.3 (MSWD = 0.99)

15 of 15 433.9 ± 2.5 (MSWD = 1.04)

10 of 14 432.6 ± 4 (MSWD = 1.49)

11 of 11 462.9 ± 4.5 (MSWD = 1.7)

23 of 23 435.9 ± 2.3 (MSWD = 1.3)

650 ± 18
763 ± 18

57 of 62 425.2 ± 2.2 (MSWD = 2)

23 of 23 426.6 ± 5.8 (MSWD = 3.1)

7 of 7

14 of 17 437 ± 10 Ma (MSWD = 7.1)

608 ± 71

591 ± 31

942 ± 29

760 ± 67

WMA 3

Pb/ 238 U ages

17 of 17 453.6 ± 4.9 Ma (MSWD = 3.2)

n2

206

Upper intercept at 928 ± 65 Ma (MSWD = 1.6)
Abbreviations: dc = dark CL core; gr = grey CL rim; br = bright CL rim; g = grey CL; b = bright CL; d = dark CL. e = eclogite facies REE pattern; i =
inherited core REE pattern.

b

Upper intercept at 905 ± 63 Ma (MSDW = 1.2)

Analyses included for the calculation of the weighted mean age.

2

a

Calibration from Ferry & Watson, (2007). Average is presented with a one-sigma error.

6.4

1.0

0.76 2.27

0.001 0.036

0.250 3.51

110

10.5

2735

0.07 0.53

0.040 0.090
0.109 2.740

12.5
2.4

0.7
0.7

0.30 2.45
0.77 1.16

0.002 0.167

79

0.080 19.5

1

195

13

gr-br

D197

43.4

5.1

0.14 1.46

0.035 1.030

822

9.90

3179

273

dc

4.2

0.5

0.65 2.11

0.005 0.066

0.300 15.9

410

62

g-b

D167
D197

1.0

0.73 1.50

2.4

3.0

0.040 0.131

0.5

2.8

101

6

0.67 1.23

1.2

11.9

0.08

0.62 1.56

0.726 1.110

151

54.0

4.1

1.0

0.80 1.68

0.002 0.008

0.061 0.590

1262

455

137

116

17.4
17.8

1.2
0.3

0.14 1.90

1.9
0.40 3.00

0.01

427

0.013 0.178

0.060

52

752

122

D205

122

0.51 3.00

0.008 0.137

41

0.001 0.139

64.5

0.86

470

2.9

0.27 2.17

744 ± 100

0.009 0.682

628

52.8

0.20 0.94

0.030 0.337

Max.

22.1

49.8

0.32

73

D164A b-g-d

18

70

6

b

d-g

D22C

D23D

5

1181 3634

dc

D16E

43.3 1012

Average

Min. Max.

Min. Max.

Min.

Min. Max.

Min. Max.

Eu/Eu*

T (°C)1

Th/U

Th (ppm)

CL

Sample

U (ppm)

Yb/Gd

Table 3. Zircon U-Pb isotopic and trace element data, and Ti-in-zircon thermometry of eclogites from the Dulan area, China.

Figure 6. Tera-Wasserburg concordia diagrams, and normalized REE patterns with CL images of
zircons. Red lines represent REE analyses from dark CL cores. Green lines represent REE analyses
from rims. Pale green lines represent REE analyses from grey rims (only for sample D16E). In figure b,
red filled ellipses represent zircon cores and are included in the calculated weighted mean age; unfilled
ellipses with unfilled circles represent zircon´s bright CL rims and are included in the calculated
weighted mean age; and green filled ellipses represent grey CL zircons and are included in the
calculated weighted mean age. In figures d, f, and h, filled ellipses represent zircon rims and are
included in the calculated weighted mean age. Error ellipses are 2σ.
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Figure 7. Tera-Wasserburg concordia diagrams, and normalized REE patterns with CL images of
samples. Filled ellipses represent zircon rims and are included in the calculated weighted mean age.
Error ellipses are 2σ.
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Figure 8. Tera-Wasserburg concordia diagrams, and normalized REE patterns with CL images of
samples. Red lines represent REE analyses from dark CL cores. Green lines represent REE analyses
from rims. Filled ellipses represent zircon rims and are included in the calculated weighted mean age.
In figures b and f, unfilled ellipses with filled circles are included in the calculation of the upper
intercept age. Error ellipses are 2σ.

Dark CL cores from these eclogites yield 273-3634 ppm U, 9.90-2735 ppm Th,
and Th/U = 0.030-2.74 (Table 3). The REE patterns from these zircons are characterized
by steep HREE slopes (Yb/Gd = 5.05-628), and moderate to prominent negative Eu
anomalies (Eu/Eu* = Eu/[Sm x Gd]0.5 = 0.07-1.46; Figs 6a, 8a & e; Table 3). Ti-in-zircon
thermometry (Ferry & Watson, 2007) yields average temperatures of 736-754 °C (Table
3).
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Seventeen analyses in dark CL zircon cores from eclogite D16E yield a weighted
mean age of 453.6 ± 4.9 Ma (Fig. 6b; Table 3). Dark CL zircon cores from eclogite D197
yield an upper intercept age of 905 ± 63 Ma (Fig. 8b. Table 3). Dark CL zircon cores
from eclogite D205 yield an upper intercept age of 928 ± 65 Ma (Fig. 8c; Table 3).

Metamorphic zircons
Zircons in all the analyzed eclogites are mostly homogenous grey and bright in
CL, although some zircons contain dark CL cores (see above) mantled by grey and/or
bright rims (Figs 6, 7 & 8). Zircons from these eclogites range in size from ~50 to ~200
µm. Zircon´s shape ranges from well-rounded to angular. Some of these zircons show
oscillatory and sector zoning, and fir-tree patterns (Figs 6g, 7a, c & g).
Homogenous grey-bright CL zircons and rims yield 2-1262 ppm U, 0.01-151 ppm
Th, and Th/U = 0.001-1.11 (Table 3). The REE patterns from these zircons are
characterized by flat HREE slopes (Yb/Gd = 0.27-41), and negative Eu anomalies are
small to absent (Eu/Eu* = 0.51-3; Figs 6, 7 & 8; Table 3). Ti-in-zircon thermometry
(Ferry & Watson, 2007) yields average temperatures of 591-764 °C (Table 3). On the
other hand, analyses from grey CL domains in eclogite D16E show steep HREE slopes
(Yb/Gd = 122-427) and negative Eu anomalies are small (Eu/Eu* = 0.51-3; Fig. 6a;
Table 3). Ti-in-zircon thermometry (Ferry & Watson, 2007) from the grey domain in
eclogite D16E yields an average temperature of 942 ± 29 °C (Table 3). Weighted mean
ages from grey-bright CL zircons and rims from all samples range from 462 to 425 Ma
(Figs 6, 7 & 8; Table 3).
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3.5) ZR-IN-RUTILE THERMOMETRY
Analytical methods
In order to constrain the thermal structure of the Dulan UHP area, we analyzed 18
eclogites and 1 granulite-facies paragneiss (Table 2). Thin sections were examined under
reflected-light microscopy before analytical measurements were made. Rutiles were
selected avoiding cracks, grain boundaries, bad polishing, and nearby zircons (>100 µm).
For each eclogite, we selected twenty-nine to fifty-five spots. Measurements that contain
more than 0.3 wt% of SiO2 (suggesting contamination from nearby silicates), overlapped
pits, scratches, and/or holes where excluded from the results. We analyzed rutile
inclusions in garnet and rutiles in matrix to evaluate the petrogenetic significance of
temperatures in each textural setting. Also, fresh and retrogressed eclogites were targeted
for Zr-in-rutile thermometry to evaluate the behavior of the thermometer under both
circumstances. Several rutiles in retrogressed eclogites are characterized by titanite
coronas and/or ilmenite replacement.
Measurements of rutile compositions were performed using a JEOL JXA-8500F
field emission electron microprobe at the GeoAnalytical Lab in Washington State
University, utilizing five wavelength-dispersive X-ray spectrometers and ProbeForEPMA
data acquisition and reduction software (Probe Software, Inc., Eugene, OR). Analyses
were conducted during two separate analytical sessions (Table 2) using different setups
and operating conditions. The detailed analytical running conditions and instrument
methodology for the data acquisition are shown in Appendix D, and are only summarized
here. Accelerating voltage was 15 kV, with a beam diameter of 5 μm for both setups, and
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a beam current of 200 nA for setup 1, and 150 nA for setup 2. Well characterized natural
and synthetic materials were used as standards for calibration, and a ZAF intensity
correction routine was applied. Setup 1 used a MAN background intensity correction (see
Appendix D for details on the technique), whereas setup 2 used an off-peak background
intensity correction. The Zr detection limit is 12 ppm for setup 1, and 27 ppm for setup 2.
Zr-in-rutile temperatures were calculated using the pressure-dependent calibration
of Tomkins et al. (2007). Reported errors are one-sigma. Based on previous reported peak
conditions for the area (e.g. Mattinson et al., 2007), a pressure of 30 kbar was selected to
calculate the temperatures for the eclogites, and 14 kbar for the granulite-facies
paragneiss. Because the studied eclogites might have experienced slightly different P-T
paths, pressure assumptions (14 and 30 kbar) might lead to under or overestimations of
20 °C for every ~10 kbar in the coesite field (Tomkins et al., 2007). Moreover, for rutile
inclusions, it is difficult to have a reliable pressure estimate at the time when the rutile
was included in the garnet, making the uncertainty higher.

Results
Four representative eclogites and the granulite are described in detail below.
Individual analyses for each sample measured using the setup 1 are shown in Appendix E
and samples measured using setup 2 are shown in Appendix F.

31

Phengite eclogite D205
Phengite eclogite D205 has a well-preserved peak mineral assemblage (Table 2).
Amphibole poikiloblasts are interpreted to be part of the early-retrograde assemblage.
Rare symplectites can be found near veinlets, and rimming some omphacite. Rutiles from
inclusions in amphibole, and in fresh matrix were analyzed, and are reported together.
After excluding 1 outlier, forty rutile analyses yield a Zr concentration of 113-155 ppm
with an average of 136 ± 9 ppm (Table 4). These analyses yield calculated temperatures
of 652-677 °C with an average of 666 ± 5 °C (Figs 9a & e; Table 4). Rutile analyses
show a Nb concentration of 496-587 ppm with an average of 540 ± 21 ppm (Fig. 9e;
Table 4). Three analyses in a ~60 µm rutile show an apparent increase of Zr
concentration of 126 ppm to 131 ppm from rim to core. However, these analyses yield
the same temperature within error.

Kyanite-phengite eclogite D197
Kyanite-phengite eclogite D197 has a well-preserved peak mineral assemblage
(Table 2). Sparse symplectites can be found near veinlets, altering the peak assemblage.
Rutiles from fresh matrix were analyzed. After excluding 1 outlier, fifty-four rutiles yield
a Zr concentration of 173-250 ppm with an average of 206 ± 18 ppm (Table 4). These
analyses yield calculated temperatures of 685-716 °C with an average of 700 ± 7°C (Fig.
9b; Table 4). Rutile analyses show a Nb concentration of 578-1444 ppm with an average
of 806 ± 153 ppm (Table 4). Two analyses in a ~50 µm rutile show a subtle increase of
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Table 4. Trace element concentratons and calculated temperatures of rutiles from eclogites
and granulite from the Dulan area, China.
Sample

n1

Zr concentration (ppm)
Max. Min. Average 1σ

Nb concentration (ppm)
Max. Min. Average 1σ

Temperature (°C)
Average
1σ

Notes

Matrix
D3F

23

289

134

210

39

369

94

251

79

700

15

R

D16E

24

140

84

119

12

85

15

54

18

656

8

M

D23D

33

236

124

169

29

423

268

302

33

683

14

R

D30

33

436

50

158

76

949

588

675

66

671

36

R

D37B

32

180

89

142

20

378

302

339

20

669

12

M

D45A

23

188

82

130

26

289

204

237

24

662

15

M

D51

33

211

63

109

36

990

654

778

69

647

23

R

D66B

36

184

117

143

16

357

212

291

33

670

8

F

D80

31

221

99

138

26

663

311

439

85

667

14

M

D126A

27

254

94

157

29

479

141

291

57

677

15

F

D129C

30

229

119

159

24

402

259

296

28

678

12

M

D154

36

157

75

108

21

330

178

256

31

647

14

R

D161C-B

11

131

82

112

15

419

278

346

47

651

11

M

D164A

34

238

116

186

25

303

206

257

24

691

12

F

D167

33

205

122

149

17

302

232

268

18

673

9

F

D197

54

250

173

206

18

1444

578

806

153

700

7

F

D202A

38

301

158

237

35

659

555

604

23

711

13

F

40

155

113

135

9

587

496

540

21

666

5

F

18

1046

882

952

39

3952 1987

2684

469

773

4

M

D3F

8

206

102

161

42

293

211

248

30

677

22

R

D23D

2

138

134

136

3

313

289

301

16

666

2

R

D45A2

9

152

84

122

25

373

200

274

56

658

16

M

D66B

1

124

-

124

-

301

-

301

-

660

-

F

D161C-B

4

137

89

109

21

301

265

276

17

648

14

M

D126A

2

95

55

75

29

267

-

267

-

621

28

F

D202A

2

222

202

212

15

635

550

592

60

702

6

F

D205
D217A

2

Inclusions

1

Number of analyses after excluding outliers and rejected analyses (see text).

2

Analyses from retrogressed matrix were excluded. Temperatures calculated at 14 kbar.
Abbreviations: R = retrogressed eclogite; F = fresh eclogite; M = retrogression is restricted to specific
areas.
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Figure 9. Zr-in-rutile thermometry. (a-d) Histograms of calculated Zr-in-rutile temperatures of matrix
rutiles and (d) rutile inclusions in garnet. (e) Zr-in-rutile temperature against Nb concentration in rutile
from fresh and retrogressed matrix. Retrogressed eclogites show more scatter than fresh samples.
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Zr concentration of 234 ppm to 250 ppm from rim to core. These analyses yield a
temperature of 711 °C and 716 °C, respectively.

Eclogite D51
Eclogite D51 shows a high degree of retrogression to amphibolite-facies
conditions. The only preserved phases from peak conditions are garnet and rutile;
omphacite is totally replaced by symplectites and coarse-grained amphibole. Ilmenite and
titanite have partially to totally replaced rutile. Rutiles from retrogressed matrix, and
inclusions in retrograde amphibole were analyzed, and are reported together. After
excluding 1 outlier, thirty-four rutiles yield a Zr concentration of 63-211 ppm with an
average of 109 ± 36 ppm (Table 4). These analyses yield calculated temperatures of 610702 °C with an average of 647 ± 23 °C (Figs 9c & e; Table 4). Rutile analyses show a Nb
concentration of 654-990 ppm with an average of 778 ± 69 ppm (Fig. 9e; Table 4).

Eclogite D3F
Eclogite D3F shows a high degree of retrogression to amphibolite-facies
conditions. The only preserved phases from the peak event are garnet and rutile;
omphacite is mostly replaced by symplectites. Rutiles from inclusions in garnet
porphyroblasts, as well as from rutile in retrogressed matrix were analyzed. Eight rutile
inclusions yield a Zr concentration of 102-206 ppm with an average of 161 ± 42 ppm
(Table 4). These analyses yield calculated temperatures of 645-700 °C with an average of
677 ± 22 °C (Fig. 9d; Table 4). Rutile analyses from this textural setting show a Nb
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concentration of 211-293 ppm with an average of 248 ± 30 ppm (Table 4). After
excluding 4 outliers, twenty-three rutiles in the matrix yield a Zr concentration of 134289 ppm with an average of 210 ± 39 ppm (Table 4). These analyses yield calculated
temperatures of 665-729 °C with an average of 700 ± 15 °C (Figs 9d & e; Table 4).
Rutile analyses from the matrix show a Nb concentration of 94-369 ppm with an average
of 251 ± 79 ppm (Fig. 9e; Table 4).

Granulite-facies paragneiss D217A
Paragneiss D217A contain bands of Qz + Kfs + Pl, and bands of Grt + Ky + Bt +
Rt. Twenty-five rutiles from fresh matrix yield a Zr concentration of 883-1047 ppm with
an average of 953 ± 39 ppm (Table 4). These analyses yield calculated temperatures of
765-782 °C with an average of 773 ± 4 °C (Table 4). Rutile analyses show a Nb
concentration of 1954-3919 ppm with an average of 2651 ± 469 ppm (Table 4). Six
rutiles in retrogressed matrix yield temperatures of 736-750 °C with an average
temperature of 742 ± 6 °C.

3.6) DISCUSSION AND CONCLUSIONS
Pre-metamorphic ages
Inherited zircon cores in eclogites D16E, D197, and D205 show prominent
negative Eu anomalies and steep HREE slopes, suggesting that the zircons crystallized in
the presence of plagioclase, and in the absence of garnet (Figs 6a, 8a & e; Table 3;
Rubatto, 2002; Rubatto & Hermann, 2003). The REE patterns and the relatively high U
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and Th contents (Table 3) suggest that the protolith had a magmatic origin. The wide
range of 206Pb ⁄ 238U ages of these analyses suggests that the inherited zircons experienced
Pb-loss during HP-UHP metamorphism. Samples D197 and D205 yield acceptable upper
intercept ages at 905 ± 63 Ma and 928 ± 65, respectively (Figs 8b & f; Table 3). On the
other hand, sample D16E did not yield a valid upper intercept result, and instead, a
weighted mean age of 453.6 ± 4.9 Ma was calculated (Fig. 6b; Table 3). The discordance
of these analyses is interpreted to represent common-Pb rather than mixing between the
metamorphic age and the protolith´s age. Therefore, we interpret the 905 ± 63 Ma and
928 ± 65 Ma ages to better represent the crystallization age of the igneous protolith.
Relatively few protolith ages have been previously reported for the Dulan
eclogites. Three eclogites from the central part of the Dulan area record protolith ages of
c. 828-835 Ma, interpreted as the crystallization of magmatic intrusion in continental
rocks that experienced coeval metamorphism c. 400 Myr later (J.X. Zhang et al., 2010;
Yu et a., 2013). On the other hand, G. Zhang et al. (2008) report inherited zircon cores
with an age of 516 ± 8 Ma, and metamorphic rims of 445 ± 7 Ma in an eclogite from the
south part of the Dulan area. These ages are interpreted as the formation of oceanic crust,
which was metamorphosed c. 63 Myr later. However, as has been suggested previously
(J.X. Zhang et al., 2010; Yu et al., 2013), the 516 ± 8 Ma age might represent a discordia
line between the 445 ± 7 Ma rims´ age and the protolith age. The 516 Ma zircon age
suggests that either the protoliths of the Dulan eclogites are from different origins and
ages, or that the zircon cores experienced Pb-loss, and the age may not represent the
crystallization of the magmatic protolith.
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Protracted eclogite-facies metamorphism
Zircon rims as well as homogenous grey and bright CL zircons show a weighted
mean age range of 463-425 Ma for the HP-UHP event (Figs 6, 7, 8 & 10; Table 3). The
REE patterns suggest that the zircons crystallized during the HP-UHP episode. The flat
HREE slope, and the absence of negative Eu anomaly reflects eclogite-facies zircon
growth (Figs 6, 7 & 8; Rubatto, 2002; Rubatto & Hermann, 2003). Zircons from eclogite
D16E show, in addition to the typical eclogite REE patterns in CL bright rims (Fig. 6a),
steep HREE slope and small negative Eu anomalies in CL grey domains (Fig. 6a). These
REE patterns suggest that plagioclase and garnet were absent during the zircon growth.
We interpret that these analyses reflect an early stage of the eclogite-facies event, where
plagioclase was consumed to form omphacite, and garnet was beginning to form. G.
Zhang et al. (2014) and Mattinson et al. (2006) report similar REE patterns in eclogites
from the northern part of the Dulan area. G. Zhang et al. (2014) interpret these patterns as
to represent a metamorphic event with an age of c. 446 Ma followed by a different
eclogite-facies event at c. 425 Ma (Fig. 10). On the other hand, Mattinson et al. (2006)
interpret these patterns as an earlier stage of eclogite-facies metamorphism (c. 441 Ma)
and the typical eclogite REE patterns represent a later stage of the same eclogite-facies
metamorphism (c. 430 Ma; Fig. 10).
Our CL imaging and REE patterns from eclogite-facies zircons suggest that the
age span is a continuum from old to young ages, where some eclogites re-crystallized
early in the HP-UHP event, and other eclogites re-crystallized later during the same event
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Figure 10. Geochronology summary of eclogite-facies metamorphism in the Dulan area. Our data are
shown with the sample number. Published data are shown with numbers from 1 to 10, corresponding to the
data source. NDB = North Dulan Belt and SDB = South Dulan Belt following Song et al. (2003a, b), just
for geographical comparison. Bars represent 2σ errors.

(Fig. 10). Our new ages combined with existing geochronological data for the Dulan area
support the hypothesis of a single-long HP-UHP event, but it expands to slightly older
ages (Fig. 10; Mattinson et al., 2006, 2009; J.X. Zhang et al., 2010). Our data indicates a
protracted residence at eclogite-facies conditions for ~38 Myr (Fig. 10). Moreover,
existing geochronological data from eclogite-hosting gneisses suggest that both lithotypes
experienced coeval HP-UHP metamorphism (Fig. 10).
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Application of Zr-in-rutile thermometry to HP-UHP eclogites
Rutile inclusions in garnet
The results presented in this contribution show that the Zr content of rutile
inclusions in garnet is generally lower than the Zr content of matrix rutiles (Table 4).
Therefore, we interpret that our Zr-in-rutile temperatures from rutile inclusion reflect a
part of the prograde history, where the rutile inclusion was trapped.
Our results agree with previous published data, where Zr content from rutile
inclusions is different from the Zr concentration from rutile in matrix (Zack et al., 2004;
Spear et al., 2006; Luvizotto & Zack, 2009; G. Zhang et al., 2010; Chen et al., 2013). For
example, Spear et al. (2006) demonstrated that rutile inclusions in garnet from blueschists
show lower Zr concentrations than rutiles from matrix. In contrast, G. Zhang et al. (2010)
found that rutile inclusions reveal higher Zr concentration than the rutiles in the matrix,
and in one sample, rutile´s Zr content tends to decrease from garnets´ core to rim. There
is still an open debate on the petrological significance of the Zr-in-rutile temperatures
from this textural setting. Different factors like quartz (under)saturation during prograde
metamorphism, and having a reliable pressure estimate at the time the inclusion was
trapped make it difficult to have a correct interpretation of the inclusion temperatures.

Rutiles in fresh and retrogressed matrix
Our results show that matrix rutiles display the highest Zr content from all
analyzed eclogites (Table 4). We interpret that our Zr-in-rutile temperatures represent
peak temperature conditions or are closer to represent peak conditions than analyses from
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rutile inclusions. Furthermore, systematic differences between analyses from fresh and
retrogressed samples are evident. Fresh samples have Zr concentration that yield
temperatures within 25 °C of the calculated average, suggesting that these eclogites are
well-equilibrated (Figs 9a, b & e; Table 4; Luvizotto & Zack, 2009). On the other hand,
analyses from retrogressed eclogite yield temperatures that are scatter more than 25 °C
from the average, suggesting that these eclogites are not well-equilibrated (Figs 9c, d & e;
Table 4; Luvizotto & Zack, 2009). Moreover, this difference is also visible in the Nb
content of the rutile. Figure 9e shows that fresh eclogites are well-clustered in both Zr-inrutile temperatures and Nb content. Conversely, retrogressed eclogites show significant
scatter in both axes, suggesting that Zr and Nb are mobile during retrogression.
We interpret the scatter of the Zr and Nb content as evidence of element
partitioning with other HSFE-bearing minerals, and as Zr and Nb diffusion after peak
conditions. Two possible processes that can influence the original Zr and Nb content of a
rutile are: (1) Retrograde mineral reactions that involve the formation of rutile can make
rutile equilibrate to lower, retrograde temperatures, whereas consumption of rutile may
result in back diffusion of Zr and Nb into the remaining rutile resulting in higher apparent
temperatures (Spear et al., 2006; Luvizotto & Zack, 2009; Meinhold, 2010; Cruz-Uribe et
al., 2014). For example, the replacement of rutile by titanite can increase the original Zr
and Nb content in the residual rutile because these elements are more compatible in rutile
than in titanite (Cruz-Uribe et al., 2014). However, the analyzed eclogites do not show a
direct correlation between the presence of titanite coronas and higher than expected rutile
temperatures; (2) Redistribution of Zr and Nb between rutile and zircon triggered by
41

fluids (Luvizotto & Zack, 2009; Lucassen et al., 2010; Ewing et al., 2013). For example,
during rutile re-equilibration at retrograde conditions (lower temperatures), Zr can be
expelled from the rutile structure, and fluids could carry the Zr and can trigger the
crystallization of new zircons (Rubatto and Hermann, 2003, 2007; Harley et al., 2007;
Luvizotto & Zack, 2009; Lucassen et al., 2010; Ewing et al., 2013). In eclogites that are
mostly composed of symplectites, fluid might have been limited during retrogression. On
the other hand, fluid might have been more abundant in eclogites that contain amphibole
and/or zoisite porphyroblasts. Nevertheless, the presence of textural/mineralogical
evidence that suggests the presence of fluids is not related with changes in rutile
temperatures. The lack of correlation between our results and the points discussed above
indicates that rutile re-equilibration is a complex process, and that variable temperatures
might reflect the combination of one or more re-equilibration processes. Furthermore, we
interpret the skewed asymmetrical histograms, either to the left or right (Figs 9c & d), to
represent partial re-equilibration at retrograde conditions. Whether the main temperature
population corresponds to the peak temperature and the skew portion corresponds to the
retrograde evolution (Zr content affected by any of the process mention above) or the
peak temperature is better represented by the skew part of the histogram, and the main
temperature population correspond to the retrograde conditions cannot be determined
from the existing data. Therefore, eclogite peak temperatures are discussed below using
the average and the standard deviation.
Our data suggest that the behavior of the Zr-in-rutile thermometer is complex and
variable during retrogression. Not only factors like buffering assemblages and fluid
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interaction can affect the calculated temperatures, but also factors like grain size, and Si
(under)saturation might play fundamental roles in the behavior of the thermometer under
HP-UHP metamorphism.

Zr-in-rutile temperatures at peak stage in the Dulan area
Our calculated Zr-in-rutile temperatures, 647-711 °C (Table 4), are within the
same range as previous calculated temperatures for eclogites in studied area (610-830°C;
e.g. Song et al., 2003b; G. Zhang et al., 2009, 2010). However, our results yield a
significantly narrower range of temperatures than those obtained with conventional
thermometry. We interpret our Zr-in-rutile temperatures from eclogites to be more
reliable than previous calculated peak temperatures because they do not have large
uncertainties associated with the presence Fe3+, like the garnet-omphacite thermometer.
On the other hand, the rutile temperatures for the studied granulite (Table 4) are
considerably lower than temperatures previously calculated using conventional
thermometry for granulites in the western part of the Dulan area (~800-950 °C; e.g. Yu et
al., 2011, 2014; G. Zhang et al., 2015). We suggest that rutiles from this granulite
experienced retrograde Zr diffusion, and the temperatures represent re-equilibration
conditions. The size of the analyzed rutiles (<70 μm) might have facilitated the diffusion
process, making it easier to reset the Zr content in smaller grains than bigger grains (see
discussion above; Luvizotto & Zack, 2009).
Zr-in-rutile temperatures of Dulan eclogites calculated in previous studies are
shown in Table 5. Sample 8S57 belongs to the same location as our sample D3F. Our
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sample yields slightly higher temperatures than the temperatures reported by these
authors (671 ± 3 °C vs 700 ± 15). Eclogite 2D06 belongs to a similar location as our
sample D16E. Our sample records a temperature of 656 ± 8 °C, whereas their sample
records a temperature of 622 ± 10 °C. Even though we do not have a sample from the
same location as sample 4C48, eclogite D37B, D51 and D45 are relatively close to this
sample. Our samples and their sample show similar temperatures within error. It is
important to notice that in our study, we do not report temperatures higher than ~720 °C.
Samples 8S106 and 10D001 show temperatures higher than 720 °C, and the poor
description on their location makes it difficult to interpreted these results in a tectonic
context.
Differences in the calculated temperatures between our study and previous studies
can be explained by: (1) differences in the calibration and analytical methods used (i.e.
LA-ICP-MS vs EMP). For instance, in this study we avoid analyzing rutiles that contain
or have zircon nearby due to fluorescence interference (see Methods and Appendix D).
Using LA-ICP-MS, zircon or other Zr-bearing inclusions (e.g. ilmenite) in rutiles might
have been ablated, thereby contaminating the measured Zr concentration. (2) Difference
Table 5. Zr-in-rutile thermometry and geochronology from published studies of eclogites in the Dulan
area, China.
Sample
8S57

Location
Zr concentration (ppm)
Lat (°N) Long (°E)
Max.
Min.
36.60
98.44
158
135

T1 (°C)
Average
671 ± 3

Age2

Reference

-

G. Zhang et al. (2010)

8S106

36.58

98.38

417

342

756 ± 8

-

G. Zhang et al. (2010)

2D06

36.52

98.62

103

60

622 ±10

-

G. Zhang et al. (2010)

4C48

36.45

98.66

319

64

660 ± 33

-

G. Zhang et al. (2010)

11YM29

36.61

98.46

196

170

689 ± 11

448.2 ± 5.9 Ma

G. Zhang et al. (2014)

10SD001

36.55

98.41

1129

156

772 ± 49

-

G. Zhang et al. (2014)

1

Recalculated at 30 kbar using Tomkins et al. (2007) calibration.

2

Zircon 206 Pb/ 238 U ages. MSWD = 4.4.
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in the time of re-equilibration. Rutiles might record different temperatures at different
times. Except for sample 11YM29 (Table 5; Fig. 10), eclogites from previous Zr-in-rutile
studies have not been dated, and therefore, could have equilibrated at different times
compared to our samples. (3) Analyzed eclogites might represent different tectonic slices,
and rutiles record different tectonic histories. However, the proximity between the
samples, and the absence of structural discontinuities separating our samples from the
ones from previous studies argues against this option.

Thermal structure: temperature gradients and their tectonic implications
Temperature gradients
Temperature contours drawn from our spatially distributed Zr-in-rutile
temperatures show an apparent smooth regional transition in the studied area (Figure 11).
There is no field evidence that suggests that areas of closer contour spacing or isotherm
deflections represent major structural discontinuities (Fig. 11). Based on our proposed
temperatures contours, temperature generally increases from NE to SW (Fig. 11). The
thermal profile shown in Figure 12a shows an apparent increase from E-W from the south
part of the Dulan area to the north part of the Dulan area. Using samples that are in the
area where the isotherms are not deflected, it is possible to obtain a maximum
temperature gradient of ~24 °C km-1 over a distance of ~2.5 km (NE-SW; Fig. 11). On
the other hand, if we account only for the E-W section, the area presents a minimum
temperature gradient of ~1 °C km-1 over a distance of ~25 km (Fig. 12a).
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Figure 11. Inferred isotherms across the Dulan area. Temperature generally increases from NE to SW.
Temperatures in white boxes correspond to average Zr-in-rutile temperatures (Tables 4 & 5).
Temperature for the HP granulite corresponds to 830 °C (Yu et al., 2011). The white line represents the
maximum thermal gradient of ~24 °C km-1. The simplified geologic map shows the same geologic units
as Figure 4b.

The difference between these temperature gradients is interpreted as due to the
deformation of the isotherms within the Dulan area. We propose that the Dulan area
resembles an intermediate tectonic scenario, in a model with two endmembers: (1) a
scenario where the isotherms are perpendicular to the Earth´s surface; Or (2) a scenario
where the isotherms are parallel to the earth surface and no temperature gradient can be
directly observed. Based on our tectonic model, some areas might preserve the lateral
gradients, and others might represent temperature gradients caused by deformation. For
example, our maximum calculated gradient (~24 °C km-1; Fig. 11) might represent the
compression of the isotherms, resulting in a higher temperature increase in a smaller area.
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On the other hand, the temperature
gradient calculated from the section EW, might be a better representation of
the thermal gradient of the Dulan area
(Fig. 12a).
The apparent presence of a
isotherms that connects the eclogites
and the HP granulites might be a
consequence of the lack of samples
between the last analyzed eclogites and
the granulite used in this paper (Fig.
11). The ~1 °C km-1 gradient does not
relate eclogites and granulite. Figure
Figure 12. Temperature gradients. Samples
in green correspond to the south part of the
Dulan area. Samples in red corresponds to the
north part of the Dulan area. Temperature for
the HP granulite corresponds to a range of
800-900 °C (Yu et al., 2011). (a) Zr-in-rutile
thermometry of studied eclogites in E-W
profile showing a thermal gradient of ~1°C
km-1. There is no apparent connection
between the studied eclogites and the
granulite. Zr-in-rutile temperatures are shown
using box and whiskers. (b) Zr-in-rutile
temperatures vs time. Data correspond to
average temperatures and weighted mean
ages. Red diamond corresponds to Zhang et
al. (2014) data. Geochronological data from
granulite correspond to Yu et al. (2014).

12a shows a large temperature
discontinuity and suggests that the two
lithologies are not tectonically related.
Observed structural discontinuities
between the eclogites and granulites
suggest that these rocks might have
been juxtaposed during exhumation
(Yu et al., 2014; J.X. Zhang et al.,
2017).
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As shown in Figure 12b, older eclogites generally display lower temperatures
(represent an early-stage of eclogite-facies metamorphism), whereas younger eclogites
generally show higher temperatures (represent a later-stage of eclogite-facies
metamorphism). The gradient of ~1 °C Myr -1 (Fig. 12b) suggests a slow heating process,
consistent with the slow subduction rates calculated from existing thermal models
(Kylander-Clark et al., 2009). Moreover, published temperatures and geochronological
data (Yu et al., 2011, 2014) suggest that HP granulites form under a different temperature
gradient (Fig. 12b). Regardless of the difference in the temperature gradients, granulites
reach their peak temperatures within the same age range of the eclogites (Fig. 12b).
Our results show that: (1) Eclogites form under a different temperature gradients
than granulites. The large temperature discontinuity indicates that the eclogites and
granulites do not belong to the same coherent body or tectonic slice (Figs 12a & b). (2)
The Dulan area experienced slow heating (Fig. 12b), consistent with slow subduction.

Thickness of the terrane
Tectonic modelling from Roselle & Engi (2002) was used to constrain the
thickness of the Dulan area. We calculated the maximum peak temperature difference
from the P-T paths from samples located in different part of the slab (i.e. upper and lower
level) from slabs of 1km, 5 km and 10 km thickness (Fig. 11 in Roselle & Engi, 2002).
Then, we built a curve using the relation of the thickness and their temperature difference
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(Fig. 13). For example, a 1 km thick
slab has a maximum temperature
difference of ~30 °C, whereas a 10 km
thick slab has a maximum temperature
difference of ~110 °C (Fig. 13).
Our maximum peak
temperature difference obtained from
our Zr-in-rutile thermometry (i.e. ~64
°C) suggests that the Dulan area has a
thickness of 3-4 km (Fig. 13). Our
proposed terrane thickness is a
minimum constraint because our
comparison assumes that the area

Figure 13. Thickness of the Dulan area. The solid
line represents the temperature difference of our
highest and lowest average Zr-in-rutile
temperatures, and intersects at ~3.8 km in the
thickness axis. The highest temperature difference
is calculated from adding one-sigma to our highest
temperature and subtracting one-sigma to our
lowest temperature. The lowest temperature
difference is calculated from subtracting one-sigma
to our highest temperature and adding one-sigma to
our lowest temperature. The grey line represents
data from Roselle & Engi (2002).

exposes the rocks that experienced the hottest and coldest temperatures. However,
analyzing more samples could result in higher or lower temperatures, so the temperature
difference could become larger, but could not become smaller.
Our results suggest that the Dulan area represents a medium-thickness body (Fig.
13), being able to preserve temperature gradients within its body. The body was thick
enough that heat conduction from lower crust and mantle depths was slow to heat all the
slab. The proposed thickness of the Dulan area is consistent with the protracted eclogitefacies metamorphism that the area experienced (Figs 10 & 13). Our results are consistent
with the idea that thick UHP terranes experienced long UHP events, whereas small UHP
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terranes experience shorter events
(Kylander-Clark et al., 2012). Our minimum
constrains on the Dulan area thickness might
indicate that that there is a continuum of
sizes of long-lived UHP terranes. The Dulan
area is apparently thinner than the Dabie-

Figure 14. Schematic model showing a
possible tectonic scenario for the SilurianDevonian continental subduction of the
Qaidam block. Modified from J.X. Zhang et
al. (2017).

Sulu terrane in China (e.g. Hacker et al.,
2006), and Western Gneiss Region in

Norway (e.g. Kylander-Clark et al., 2007), yet the duration of the metamorphism is
essentially the same.

Tectonic implications
The proposed tectonic model for the Dulan area suggests that within this coherent
slab, the interior part was refrigerated, regardless of the high temperatures that the
outermost part of the slab was experiencing (Fig. 14). The UHP eclogites might belong to
the inner part of the slab, reaching mantle pressures but recording medium temperatures.
Moreover, HP granulites might correspond to the thickened part of the overriding plate,
where pressure is lower, but temperatures are higher due to the warmer isotherms (Figure
14). We suggest that eclogites and granulites formed at different structural levels, and
therefore experienced different P-T paths (Fig. 14). Our tectonic model agrees with the
one proposed by Yu et al. (2011, 2014) and J.X. Zhang et al. (2017). This model suggests
that HP granulites and HP-UHP eclogites represent a paired metamorphic belt,
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(Miyashiro, 1961; Brown, 2010). Scenarios where HP and/or UHP rocks with different
peak conditions but similar metamorphic ages have been reported for several orogens
around the world, including the Guatemala Suture Complex (MP/LT-HP/MT; Maldonado
et al., 2016), the Variscan orogen (HP granulite-UHP eclogites; Konopasek & Shulman,
2005), and the Alps (HP granulite-UHP eclogites; Dale & Holland, 2003; Ferrando et al.,
2008).
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4. PETROLOGICAL CONTRAINTS ON THE TECTONIC EVOLUTION OF
THE DULAN AREA
4.1) INTRODUCTION
Ultrahigh-pressure (UHP) eclogites are products of continental subduction at
mantle depths and collision (Chopin, 2003; Gilotti, 2013). Mineral assemblages
preserved in these rocks are evidence of petrological reactions taking place in the
subducting slab, and can be used to understand subduction zone and orogenic processes.
Pressure-temperature-time (P-T-t) paths can provide unique information about the
evolution of orogens such as the rates of subduction and exhumation, and constraints on
tectonic mechanisms. Moreover, spatially distributed P-T-t paths can constrain the
thermobarometric architecture of the terrane, providing information of the size and
thickness of the terrane.
Of the more than 20 known UHP localities around the world (Liou et al., 2009;
Gilotti, 2013), protracted eclogite-facies events reported from several orogens appear to
be a common feature in UHP tectonics (e.g. Norway, Kylander-Clark et al., 2007;
Greenland, McClelland et al., 2006; Alps, Lapen et al., 2003; western China, Mattinson et
al., 2006, Hernandez-Uribe et al., in prep). Over the last years, most research has focused
on subduction-exhumation rates and timing of long-lived UHP terranes; however detailed
studies that constrain P-T histories and the thermobarometric architecture of this type of
terrane are scarce.
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Phase equilibria diagrams have proved to be a powerful approach to obtain robust
P-T information and elucidate phase relations in metabasic rocks (e.g. Rebay et al., 2010;
Diener & Powell, 2010; Wei & Clarke, 2011). However, the relatively simple mineral
assemblages typical of eclogites (i.e. garnet + omphacite) represent a challenge to put
tight constraints on the P-T evolution of these rocks because the composition of minerals
changes slowly within the garnet + omphacite field (>17 kbar; Krogh Ravna & Terry,
2004; Štípská & Powell, 2005). Modeled isopleths of garnet composition at peak
conditions tend to show large spacing between each contour, making it difficult to
constrain a precise peak stability field. Zr-in-rutile thermometry, which is based on the
abundance of Zr in rutile coexisting in equilibrium with quartz and zircon (Zack et al.,
2004; Tomkins et al., 2007), can put tighter constraints on the peak conditions in
eclogites because this thermometer is independent of the data and assumptions made in
phase equilibria modelling. Furthermore, rutile is a ubiquitous mineral in eclogites, and it
is normally preserved after retrogression.
The North Qaidam UHP terrane, in China, represents an early Paleozoic
continental suture zone (Fig 4a; Song et al., 2014b and references therein). The Dulan
area, in the southeastern part of the North Qaidam terrane (Figs 4a & b), experienced a
~20 Myr UHP event and ~38 Myr of HP metamorphism at P-T conditions of ~30 kbar
and ~700 °C (Song et al., 2003b; Mattinson et al., 2006, 2007; Hernández-Uribe et al., in
prep). Although there have been several P-T studies in the Dulan UHP area, the P-T path
remains poorly constrained. Existing P-T paths from eclogites of the Dulan UHP area
suggest two contrasting hypotheses: (1) One hypothesis suggests that the Dulan area
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experienced an isothermal prograde path from the amphibolite facies to eclogite facies
(G. Zhang et al., 2010; Ren, et al., 2016), whereas (2) Mattinson et al. (2006) report
pseudomorphs after lawsonite, interpreted as a cold subduction prograde path.
In this chapter, I present a detailed petrologic study of four eclogites from the
Dulan UHP area. The objective of this contribution is to explore the prograde and peak PT evolution of eclogites from the area using phase equilibria modelling, conventional
thermobarometry, and Zr-in-rutile thermometry. This contribution evaluates the
applicability of these techniques to intermediate temperature (MT; 650-750 °C) HP-UHP
eclogites, discusses the tectono-metamorphic evolution of the area, and constrains the
thickness of the Dulan area in the North Qaidam UHP terrane.

4.2) GEOLOGIC SETTING
The North Qaidam UHP terrane represents an early Paleozoic continental suture
(Song et al., 2003b, 2014b; J.X. Zhang et al., 2017). This terrane is bounded on the
northeast by the Qilian terrane, and on the southwest by the Qaidam basin (Fig. 4a;
Mattinson et al., 2007).
The North Qaidam UHP terrane is a ~350 km NW-SE trending terrane, extending
from the Yuka area in the west through the Lüliangshan area, the Xitieshan area, and the
Dulan area in the east (Fig. 4a; Mattinson et al., 2007). The North Qaidam eclogites are
hosted in the Proterozoic Dakendaban Group gneiss (Song et al., 2003b; Mattinson et al.,
2007). This unit comprises a sequence of metasedimentary and metaigneous rocks locally
intruded by granite and granodiorite (Mattinson et al., 2007).
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Geology of the Dulan area
The Dulan area is located in the southeastern part of the North Qaidam UHP
terrane (Figs 4a & b). This area is dominated by paragneisses, pelitic schists,
orthogneisses with minor eclogites (Song et al., 2003b; Mattinson et al., 2007). All these
sequences were intruded by ~400 Ma granitoids (Fig. 4b; Wu et al., 2004; Mattinson et
al., 2007). Coesite has been identified as inclusions in zircon from paragneisses (Yang et
al., 2002, 2005; Song et al., 2003b, 2006), and as inclusions in zircons, garnet, and
omphacite in eclogites (J.X. Zhang et al., 2009, 2010; G. Zhang et al., 2009;).
In the Dulan area, eclogites occur as foliated and unifoliated lenses, blocks, and
layers within foliated paragneisses (Song et al., 2003b, 2014b; Mattinson et al., 2007).
Eclogites from the Dulan area record peak P-T conditions of ~27-35 kbar and ~610-830
°C (Song et al., 2003b, 2006, 2014b; G. Zhang et al., 2009; J.X. Zhang et al., 2009, 2010,
Ren et al., 2016). Eclogites record zircon U-Pb ages of c. 463-422 Ma (Mattinson et al.,
2006; G. Zhang et al., 2009, 2014; J.X. Zhang et al., 2010; Song et al., 2014b;
Hernandez-Uribe et al., in prep). Coesite inclusions in zircons from eclogites and in one
paragneiss reveal that the Dulan area experienced a UHP metamorphic event of ~23 Myr,
from c. 446-423 Ma (Song et al., 2006; J.X. Zhang et al., 2010). Eclogite and host gneiss
ages of c. 462-422 Ma have been interpreted to indicate a protracted residence at HPUHP depths (Mattinson et al., 2006, 2009; J.X. Zhang et al., 2010, 2017). Other authors
have interpreted this age range as two different eclogite-facies events involving oceanic
and continental crust, respectively (Song et al., 2006, 2014b; G. Zhang et al., 2009; Ren
et al., 2016). Eclogite retrogression is characterized by amphibolite-facies overprinting at
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P-T conditions of ~7-9 kbar and ~645-720 °C (Song et al., 2003b; G. Zhang et al., 2009).
Zircon rim ages of c. 410-402 Ma from eclogite and gneiss are interpreted to represent
retrogression (Song et al., 2006; Yang et al., 2005). HP granulites, in the west part of the
Dulan area, formed at P-T conditions of ~15-20 kbar and ~800-950 °C, and have been
interpreted to represent the thickened part of the overriding plate, or overprinted eclogites
from the south part of the Dulan area (Song et al., 2003b, 2006; Yu et al., 2011, 2014;
J.X. Zhang et al., 2017). Ages from HP granulites are c. 435-410 Ma, and overlap with
the ages of eclogite-facies metamorphism (Song et al., 2014a; Yu et al., 2014; G. Zhang
et al., 2015).

4.3) PETROGRAPHY AND MINERAL CHEMISTRY
Analytical methods
To constrain the metamorphic evolution of the Dulan area, we selected four
eclogites containing well-preserved peak mineral assemblages, textures, and assemblages
suitable for thermodynamic modelling (i.e. including kyanite and/or phengite). Mineral
abundances were obtained by visual estimation, and with image analysis of multiple thin
sections using JMicroVision software (Roduit, 2008). X-ray maps and major-element
mineral chemistry analyses were performed using a five-spectrometer JEOL JXA-8500F
field emission electron microprobe housed at Washington State University. Wellcharacterized natural and synthetic materials were used as standards for calibration, and a
ZAF correction routine was applied. The operating conditions were: accelerating voltage
of 15 keV, beam current of 20 nA, and beam diameter of 10 μm for micas and 3 μm for
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the rest of the minerals. Anhydrous mineral compositions were calculated to standard
numbers of oxygen per formula unit (pfu). White mica was calculated to a total of 11
oxygen pfu, amphibole to 23 oxygen pfu, and epidote group minerals to 12.5 oxygen pfu.
Mineral abbreviations used in the text, figures, and tables follow the nomenclature shown
in Table 1 (Whitney & Evans, 2010).

Results
Kyanite-phengite eclogite D197
Sample D197 was collected in the central part of the southern Dulan area (Fig.
4b). This coarse-grained eclogite is composed of garnet (~30%), omphacite (~35%),
rutile (~2%), kyanite (~15%), phengite (~5%), and zoisite (~13%) with minor amounts of
quartz, apatite, and calcite.
The eclogite presents a well-developed eclogitic foliation formed by oriented
garnet, omphacite, kyanite, zoisite, phengite, and rutile (Figs 15a & b). Fractures cut the
foliation, and are associated with alteration of the primary eclogitic mineral assemblage.
Some omphacite, kyanite and phengite are rimmed by symplectitic fine-grained
intergrowths (Figs 15a & b).
Garnet occurs as xenomorphic elongated inclusion-poor crystals up to 1 mm long
(Fig. 15a). Garnet is typically clustered with omphacite, rutile, and other garnets. In some
garnet clusters (up 2.5 mm in size), individual grains are indistinguishable (Fig. 15a).
Most garnet is compositionally homogeneous, but sparse crystals show moderate zoning,
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Figure 15. Representative mineral assemblages and textural features from studied eclogites. (a-b)
eclogite D197, (c-d) eclogite D205, (e-f) eclogite D167, and (g-h) eclogite D161B. All figures are
X-ray composite images (Red=Fe rich compositions, Green=Mg rich compositions, Blue=Ca rich
compositions). Color intensities are comparable between minerals in the same figure but not with
the other figures. Abbreviations: p = pseudomorph.
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Figure 16. Garnet core-rim compositional profiles from eclogites. (a) D197, (b) D205, and (c)
D167. Green shading regions correspond to the same points shown in Figure Appendixes I, J, &
K.

with increasing Prp (~20-24%) and Alm (~40-50%), and decreasing Grs (~38-25%) from
core to rim; Sps shows little zoning (Fig. 16; Table 6).
Hypidiomorphic omphacite varies in size from 800 μm to porphyroblasts of 10
mm (Figs 15a & b). Omphacite is partially replaced by symplectites of Cpx + Pl along
the grain boundaries and fractures (Figs 15a & b). Some omphacite contains quartz
pseudomorphs after coesite (Fig. 17a). Omphacite has XMg = 0.77-0.88, Jd = 0.47-0.62,
and low Acm = 0-0.1 (Fig. 18a; Table 6).
Phengite occurs as 1 mm hypidiomorphic-idiomorphic crystals (Fig. 15b). Rare
crystals are rimmed by fine-grained symplectites of Bt + Pl (Fig. 15b). Also, phengite is
partially replaced by chlorite along cleavages and grain boundaries. Phengite yields Si
pfu = 3.18-3.33, XMg = 0.78-0.96, and XNa = 0.09-0.19 (Fig. 18b; Table 6). Phengites are
rarely zoned, some display weak zoning with Si-rich cores and Si-poor rims.
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Table 6. Representative microprobe analyses for studied eclogites from the Dulan area, China.

Figure 17. Quartz pseudomorphs after coesite in eclogites. (a) D197 and (b) D167. Abbreviations:
p = pseudomorph.

Kyanite is present as elliptical hypidiomorphic crystals up to 500 μm to 1 mm
long (Figs 15a & b). This mineral displays twinning, and preserves zoisite, garnet and
omphacite inclusions (Fig. 15a). Kyanite is rimmed by fine-grained symplectites, formed
by Pg (Si = 2.94 pfu and XNa = 0.86-0.98) + Pl. Xenomorphic kyanite commonly contains
omphacite inclusions (Jd = 0.56-0.63).
Epidote group minerals occur as 800 μm idiomorphic to hypidiomorphic crystals
(Figs 15a & b). Epidote group minerals are inclusion-free, colorless, present first order
interference colors, and some display anomalous blue interference colors. Scarce crystals
have oscillatory zoning. Some zoisite contains quartz pseudomorphs after coesite (Fig.
17a). Epidote has XFe3+ = 0.01-0.04 and Ca pfu = 1.97-2 (Appendixes G & H).

Phengite eclogite D205
Eclogite D205 was collected from a boulder located within a drainage in the
metasedimentary unit, but it is inferred to originated from an outcrop upstream in to the
southern part of the Dulan area (Fig. 4b). Sample D205 is a coarse-grained eclogite with
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a mineral assemblage of garnet (~20%),
omphacite (~35%), phengite (~15%),
amphibole (~15%), zoisite (~8%), rutile
(~3%), and quartz (4%), with minor
amounts of apatite. Ilmenite is the most
common opaque mineral in the sample.
The orientation of omphacite,
amphibole, phengite and elongated garnet
clumps defines the primary eclogitic
foliation (Fig. 15c). Fractures cut the
Figure 18. Phengite and omphacite
mineral chemistry. (a) Classification
diagram for Na and Na-Ca clinopyroxenes
following Morimoto (1988). (b) XMg vs Si
pfu diagram for phengites. Note the strong
XMg and Si zoning of phengites in eclogite
D205 (shown in the shaded area). Both
figures share the same symbology.

foliation, and are associated with alteration
of the primary eclogitic mineral
assemblage. These places are characterized
by fine grained symplectites, and

secondary quartz, calcite, and epidote. Xenomorphic amphibole and zoisite poikiloblasts
are characteristic of this sample (Figs 15c & d). Sparse omphacite, and phengite are
rimmed by symplectitic fine-grained intergrowths.
Garnet occurs as xenomorphic to hypidiomorphic inclusion-free crystals and
clumps up to 250-750 μm long (Figs 15c & d). Garnet as well as omphacite form
polygonal aggregates where the eclogite displays granoblastic texture (Fig. 15c). Garnet
shows moderate chemical zoning, characterized from core to rim by increasing Prp (~18-
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25%) and Grs (~28-35%) and by decreasing Sps (~1.5-0.8%) and Alm (~53-39%) (Fig.
16b; Table 6).
Omphacite occurs as hypidiomorphic crystals 500-750 μm long (Fig. 15c).
Omphacite is partially replaced by fine-grained symplectites of Cpx + Pl (Figs 15c & d).
Omphacite reveals XMg = 0.84-0.89, Jd = 0.36-0.40, and Acm = 0-0.04 (Fig. 18a; Table
6).
Amphibole occurs as xenomorphic poikiloblasts up to 4.5-5 mm long (Fig. 15d).
Inclusions of garnet, omphacite, phengite, and rutile are common in this mineral (Figs
15c & d). Amphibole crystals commonly show spongy quartz-amphibole intergrowths,
and commonly replace omphacite (Fig. 15d). Amphiboles show NaB = 0.45-0.55 pfu,
(Na+K)A = 0.37-0.62 pfu, Si = 6.57-6.91 pfu, and XMg = 0.71-0.80 (Appendixes G & H).
Amphiboles are strongly zoned, from Mg-katophorite cores to edenite rims (Appendixes
G & H).
Phengite occurs as hypidiomorphic-idiomorphic crystals of 700 μm to 2.5 mm
(Figs 15c & d). Phengite is rimmed by fine-grained symplectites. Phengite yields Si pfu =
3.22-3.55, XNa = 0.02-0.16, and XMg = 0.75-0.84 (Fig. 18b; Table 6). This mineral is
strongly zoned, with Si-Mg rich cores and Si-Mg poor rims (Fig. 18b).
Epidote group minerals occur as hypidiomorphic crystals 450 μm-5 mm long
(Figs 15c & d). Epidote group minerals show garnet inclusions, are colorless, present first
order interference colors, and some display anomalous blue interference colors. The
presence of epidote with high interference colors is spatially related to opaque minerals
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and red oxides. Clinozoisite shows XFe3+ = 0.10-0.13 and Ca pfu = 1.95-96 (Appendixes
G & H).

Zoisite eclogite D167
Eclogite D167 was collected in the northern part of the Dulan area (Fig. 4b). This
medium coarse-grained eclogite is composed of garnet (~35%), omphacite (~35%), rutile
(~3%), phengite (~2%), amphibole (~10%), quartz (~5%) and zoisite (~10%) with minor
amounts of apatite.
The eclogite presents a well-developed eclogitic foliation formed by oriented
garnet, omphacite, zoisite, and rutile (Fig. 15e). Fractures cut the foliation, and are
associated with alteration of the primary eclogitic mineral assemblage. Some omphacite
and phengite are replaced by symplectitic fine-grained intergrowths (Fig. 15e).
Garnet occurs as xenomorphic elongated crystals 400 μm to 1 mm long (Figs 15e
& f). Some garnets preserve omphacite inclusions (Fig. 15f). Most garnets are
homogenous in composition, but rare crystals are zoned, showing moderate zoning with
increasing Prp (~23-27%) and decreasing Grs (~30-27%) from core to rim; Alm and Sps
show little zoning (Fig. 16c; Table 6).
Hypidiomorphic omphacite vary in size from 500 μm to 1.5 mm (Figs 15e & f).
Omphacite is partially replaced by symplectites of Cpx + Pl (Figs 15e & f). Rare
omphacite contains quartz pseudomorphs after coesite (Fig. 17b). Omphacite yields XMg
= 0.85-0.89, Jd = 0.32-0.34, and Acm = 0-0.03 (Fig. 18a; Table 6)
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Amphibole occurs as intergranular crystals 500-750 μm long, typically replacing
omphacite (Figs 15e & f). This mineral yields NaB = 0.20-0.44 pfu, (Na+K)A = 0.42-0.75
pfu, Si = 5.68-6.85 pfu, and XMg = 0.66-0.82 (Appendixes G & H). Amphiboles in this
eclogite are hornblende and pargasite (Appendix G & H).
Phengite occurs as 250 μm elongated crystals (Fig. 15e). Phengite grains are rare,
and are mostly found as inclusions in omphacite and garnet; matrix crystals are
completely replaced by fine-grained symplectites of Bt + Pl (Fig. 15e). Phengite yield Si
pfu = 3.52-3.53, XMg = 0.92-0.94, and XNa = 0.04-0.05 (Fig. 18b; Table 6).
Epidote group minerals occur as oriented hypidiomorphic crystals up to 1 mm
long (Fig. 15f). Epidote group minerals are inclusion-free, present first order interference
colors, and some display anomalous blue interference colors. Clinozoisite yields XFe3+ =
0.06-0.15, and Ca pfu = 1.72-1.95 (Appendixes G & H). Some crystals display strong
compositional zoning with low Ca and high XFe3+ cores, and high Ca and low XFe3+ rims
(Appendix G). Low Ca pfu in the crystallographic A-site suggests the presence of REE
and/or Sr.

Phengite eclogite D161B
Eclogite D161B was collected in the central part of the Dulan area (Fig. 4b). This
fine-grained eclogite is composed of garnet (~35%), omphacite (~30%), rutile (~2%),
phengite (~3%), amphibole (~10%), quartz (~5%), and zoisite (~15%) with minor
amounts of apatite.
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The eclogite displays a porphyroblastic texture, with garnet and zoisite
porphyroblasts within a lineated matrix of omphacite, amphibole, and phengite (Figs 15g
& h). Fractures cut the foliation, and are associated with alteration of the primary
eclogitic mineral assemblage. Some omphacite, and phengite are replaced by symplectitic
fine-grained intergrowths (Figs 15g & h).
Garnet occurs as idiomorphic porphyroblasts 300 μm to 1.5 mm long (Figs 15g &
h). Most garnets preserve phengite, amphibole, and zoisite inclusions (Figs 15g & h).
Inclusions are constrained to the garnet´s core and mantle (Figs 15g & h). Garnet presents
strong chemical zoning. In general, garnet shows increasing Prp (~18-32%) and Alm
(~43-48%) and decreasing Grs (~34-23%) and Sps (~2-0.8%) from core to rim (Fig. 19;
Table 6). Oscillatory zoning in the garnet´s mantle and outer rim shows decrease of Prp,
and increase of Grs and Alm content towards the rim (Fig. 19).
Omphacite occurs as hypidiomorphic crystals 500 μm to 700 μm long (Figs 15g &
h). This mineral is partially replaced by symplectites of Cpx + Pl along grain boundaries
(Figs 15g & h). Omphacite yields XMg = 0.84-0.91, Jd = 0.28-0.36, and Acm = 0.01-0.03
(Fig. 18a & Table 6).
Amphibole occurs as intergranular and pale-green porphyroblast 500-700 μm
long. Two inclusions in garnet reveal NaB = 0.34-0.55, (Na+K)A = 0.33-0.7, Si = 6.13-7.1
pfu, and XMg = 0.68-0.81 (Appendixes G & H). These amphiboles correspond to barrosite
and pargasite. Amphibole in the matrix commonly replaces omphacite, and shows NaB =
0.05-0.25 pfu, (Na+K)A = 0.13-0.87 pfu, Si = 5.87-7.51 pfu, and XMg = 0.61-0.85
(Appendixes G & H). This type of amphibole is hornblende (Appendix G & H).
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Figure 19. X-ray compositional maps and corresponding core-rim profile from eclogite D161B.
Warm colors correspond to high concentrations; cold colors correspond to lower concentrations.
Color scale is not the same between the different maps.

Phengite occurs as crystals up to 500-800 μm (Figs 15g & h). Phengite grains are
rimmed by fine-grained symplectitic intergrowths of Bt + Pl (Figs 15g & h). Phengite
reveals Si pfu = 3.27-3.43, XMg = 0.79-0.92, and XNa = 0.02-0.21 (Fig. 18b; Table 6).
Epidote group minerals occur as hypidiomorphic poikiloblasts up to 1mm long.
Clinozoisite porphyroblasts have inclusions of garnet, omphacite, amphibole, rutile and
quartz (Fig. 15g). Also, clinozoisite is present as inclusions in garnet (Fig. 15h). These
minerals present first order interference colors, and sparse crystals display anomalous
blue interference colors. Clinozoisite inclusions in garnet yield XFe3+ = 0.13-0.16 and Ca
pfu = 1.96-1.97 (Appendixes G & H). On the other hand, poikiloblasts yield lower XFe3+
= 0.03-0.06 and Ca pfu = 1.98-2.00 (Appendix G).
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4.4) ECLOGITE THERMOBAROMETRY
Methods
In order to understand the metamorphic evolution of eclogites from the Dulan
area, phase equilibria modelling was coupled with Zr-in-rutile thermometry (see
Hernández-Uribe et al., in prep for details) and conventional thermobarometry. For
samples D197, D205, and D167, diffusion might have affected garnet (see discussion)
making it impossible to obtain an accurate prograde P-T path, but peak conditions and
other important petrological constraints were obtained from these samples. For sample
D161B, a prograde P-T path was obtained using the methodology described below. For
all samples, peak conditions were obtained using the maximum Si pfu in phengite to
constrain maximum pressure and Zr-in-rutile thermometry to constrain maximum
temperature. Amphibole mode contouring was used to better constrain the retrograde
evolution. The P-T area showing the observed amphibole volume is interpreted to be the
conditions where the rock stopped recording P-T information.

Calculation parameters for phase equilibria diagrams
Phase equilibria diagrams were constructed using Perple_X 6.7.4 (version
October 2015; Connolly, 1990; Connolly, 2009) and the internally consistent
thermodynamic data set tc-ds55 (Holland & Powell, 1998; updated to database 5.5 in
2004). Modelling was performed in the 10-component Na2O-CaO-K2O-FeO-MnO-MgOAl2O3-SiO2-H2O-O2 (NCKFMnMASHO) system, using the following solid solution
models: garnet and talc (Holland & Powell, 1998); biotite (Powell & Holland, 1999);
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chlorite (Holland et al., 1998); white mica (Coggon & Holland, 2002); amphibole (Dale
et al., 2005); and omphacite (Diener & Powell, 2012). Additional pure phases with no
solid solution models included are lawsonite, kyanite, quartz/coesite, zoisite, and albite.
Even though most of the samples contain clinozoisite, the epidote solid-solution model
was not included due to the low amount of Fe3+ in the rock (see discussion below),
therefore the mineral zoisite is assume to represent the epidote group minerals present in
the studied eclogites. Water was considered to be in excess due to the abundance of
hydrous prograde, peak, and retrograde minerals. Phase equilibria diagrams were
constructed in a temperature range of 500 to 800 °C and pressure range of 15 to 35 kbar
for sample D197; 500-800 °C and 15-40 kbar for sample D205; 500 to 800 °C and 15 to
35 kbar for sample D167 and 400-800 °C and 10-35 kbar for sample D161B. We
acknowledge that the upper temperature limit exceeds the suggested limit of 725 °C for
accounting of partial melting equilibria in metabasic rocks (Green et al., 2016). However,
there is no evidence of partial melting in the studied samples. Therefore, such activitycomposition models were not included in the modelling.
The effective bulk compositions used to perform the phase equilibria modelling
were obtained from X-ray fluorescence (XRF), and from modal abundances estimates
combined with microprobe analyses (i.e. reconstructed bulk rock compositions; Table 7).
Whole-rock XRF major element data were obtained with a ThermoARL XRF
spectrometer housed at Washington State University.
The XRF whole-rock compositions were modified to account for the following
scenarios: (1) Minerals that were not included in the modelling and but their composition
69

Table 7. Effective bulk-rock compositions used for the phase equilibria modelling (wt%).
SiO2

Al2 O3

FeO

MnO

MgO

CaO

Na2 O

K2 O

H2 O

XFe3+

Note

D197

46.86

24.77

9.28

0.15

4.87

10.56

3.07

0.39

excess

0.05

reconstructed

D205

48.99

16.36

11.15

0.19

8.00

11.67

2.57

1.01

excess

0.05

m-XRF

D167

55.04

15.84

6.17

0.24

8.44

11.66

2.10

0.43

excess

0.05

m-XRF

D161B

50.90

15.40

9.80

0.21

7.90

12.40

2.54

0.80

excess

0.05

reconstructed

Sample

Abbreviations: XFe3+ = Fe3+/(Fe2++Fe3+). reconstructed = reconstructed bulk-rock composition; m-XRF = modified XRF
whole-rock data.

has an important contribution to the whole rock composition (i.e. apatite). The
phosphorus content was decreased to 0% and CaO was decreased a corresponding
amount (we assume that phosphorus is bonded exclusively to apatite). (2) The effect of
ferric iron (Fe3+) in the stability of the mineral assemblages (also modified in
reconstructed bulk-rock compositions). The amount of Fe3+ was selected to obtain
abundances and compositions of clinozoisite and epidote similar to those measured in the
samples. The effect of adding Fe3+ in the modelling during metamorphism is more
profound than the effects of considering MnO, TiO2 or K2O in the system (White et al.,
2007; Diener & Powell, 2010; Rebay et al., 2010). Typically, in unaltered eclogite
MORB-related compositions, 5-10% of total Fe is Fe3+ (i.e. XFe3+ = 0.05-0.1; XFe3+ =
Fe3+/(Fe2+ + Fe3+), whereas a suggested representative value for oxidized eclogite
MORB-related compositions is 25-35% of total Fe being Fe3+ (XFe3+ = 0.25-0.35; Rebay
et al., 2010 and references therein). A value of XFe3+ = 0.05 was used to build all
diagrams based on the observed mineral composition of the samples (Table 6; Appendix
G).
The prograde path constructed for sample D161B was built using the intersection
between modeled garnet volume isopleths and its corresponding Grs content (Appendix
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L). Because of calcium´s low diffusion rate, its concentration is more likely to represent
the original concentration in garnet than Fe, Mg or Mn (Carlson, 2006; Caddick et al.,
2010). To construct the P-T path, we assume that zoning in the analyzed garnet is
representative of all garnets in the sample. Each measured Grs composition was assigned
to its corresponding volume value within the garnet. For example, from the core to rim
profile, the first analysis has a volume 1 (V1), and a Grs content 1 (X1). The next point
will have a V2 and X2, but because the garnet with V1 is assumed not to experience
resorption, the volume accumulates. Finally, the total volume value of the garnet (i.e.
100%) was scaled to the total abundance of garnet in the sample. To calculate the
volume, the garnet was assumed to have a dodecahedral shape. All the points (Grs
content and volume) used to build the prograde P-T path are shown in Appendix L.

Conventional thermobarometry
Conventional thermobarometry was applied to the studied eclogites following
Krogh Ravna & Terry (2004) calibration. In order to better constrain the peak conditions,
8 possible mineral compositions combinations were used for samples D197, D205 and
D161B, and 4 combinations for eclogite D167. For eclogites D205, D167, and D161B,
we use the garnet-omphacite thermometer and garnet- omphacite-phengite barometer
(Krogh Ravna & Terry, 2004). For eclogite D197, garnet-omphacite-kyanite-phengitecoesite/quartz equilibria was applied. The chemistry of the minerals used for the P-T
calculations are shown in Appendix M.
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Results
Kyanite-phengite eclogite D197
The peak mineral assemblage of eclogite D197 is Grt + Omp + Ph + Ky + Rt + Zo
+ Qz/Coe. Omphacite and zoisite display quartz pseudomorphs after coesite (Fig. 17a),
suggesting that they were stable at UHP conditions. The phase equilibria diagram built
with the XRF whole-rock data fails to predict the complete observed assemblage. In this
model (built with XRF data), zoisite is not stable at UHP conditions, being inconsistent
with the presence of quartz pseudomorphs after coesite in the zoisite. Therefore, a
reconstructed bulk-composition was used to build the phase diagram. The reconstructed
bulk-composition is significantly higher in Al2O3 wt % due to the abundance of kyanite
in the thin section compared with the part of the sample analyzed by XRF. Zoning in
garnet (Fig. 16a) appears to be modified from original growth zoning (see discussion
below). Moreover, phase equilibria modelling fails to predict petrologically meaningful
intersections between the Grs and Prp isopleths (Appendix I).
The phase equilibria diagram for eclogite D197 shows that the observed peak
assemblage is stable in a large field from >580 °C and ~18-30 kbar (Fig. 20a). The peak
assemblage extends into both the coesite and quartz stability fields. The peak temperature
is constrained using the average Zr content of rutile from the sample, 206 ± 18 Zr ppm
(Hernández-Uribe et al., in prep), following the Tomkins et al. (2007) calibration. The Zrin-rutile isopleth intersects with the maximum phengite Si pfu (~3.32 apfu; Table 6) at
~690 °C and ~29 kbar (Fig. 20b). The calculated peak conditions are in the field of
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Figure 20. Eclogite D197 thermobarometry. (a) Phase equilibria diagram with mineral
assemblages labeled. The peak assemblage is indicated by the shaded green area. (b) Peak
conditions obtained using the Zr-in-rutile thermometer, and maximum Si pfu in phengite. The Zrin-rutile thermometry is shown with a ± 1σ error. (c) Peak conditions obtained using garnetomphacite-kyanite-phengite-coesite/quartz equilibria (Krogh Ravna & Terry, 2004). The figure
shows all possible combinations of mineral compositions (Appendix M). (d) Summary of the P-T
constraints from the phase equilibria modelling and conventional thermobarometry. Dashed lines
represent inferred P-T path. Mineral assemblage constraints are shown in different shaded areas.
The grey star and grey polygon correspond to those in b and c, respectively.
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observed mineral assemblage, and close to the field where the Grs and Prp isopleths are
parallel to each other (Appendix I).
Garnet-omphacite-kyanite-phengite-coesite/quartz equilibria (Krogh Ravna &
Terry, 2004) yields ~725-800 °C and ~26-32 kbar (Fig. 20c). These conditions overlap
the observed assemblage field, and Ph + Grt + Omp + Ky + Coe/Qz field.
The lack of amphibole in the eclogite prevents placing further constraints on the
retrograde history of the sample (Fig. 20d).

Phengite eclogite D205
The inferred peak mineral assemblage for sample D205 is Grt + Omp + Ph + Rt +
Qz/Coe. Amphibole and zoisite porphyroblasts are interpreted to represent retrograde
phases. Grs and Prp contours from garnet´s core (point a in Fig. 16b) intersect at ~560 °C
and ~26 kbar (Appendix J). This intersection is in the Tlc + Ph + Grt + Bt + Omp + Lws.
There are no possible intersections within the P-T diagram that can reproduce the
observed zoning in the garnet´s mantle and rim (Fig. 16b; Appendix J). Therefore, a
reliable P-T path cannot be calculated using the garnet zoning.
The phase equilibria diagram shows that the peak assemblage is stable at >620 °C
and >15 kbar (Fig. 21a). The peak assemblage extends into both the coesite and quartz
stability fields. The peak temperature is constrained using the average Zr content of rutile
from the sample, 135 ± 9 Zr ppm (Hernández-Uribe et al., in prep), following the
Tomkins et al. (2007) calibration. The Zr-in-rutile isopleth intersect with the maximum Si
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Figure 21. Eclogite D205 thermobarometry. (a) Phase equilibria diagram with mineral assemblages
labeled. The peak assemblage is indicated by the shaded green area. (b) Peak conditions obtained
using the Zr-in-rutile thermometer, and maximum Si pfu in phengite. The Zr-in-rutile thermometry is
shown with a ± 1σ error. (c) Peak conditions obtained using the garnet-omphacite thermometer and
garnet-omphacite-phengite barometer (Krogh Ravna & Terry, 2004). The figure shows all possible
combinations of mineral compositions (Appendix M). (d) Summary of the P-T constraints from the
phase equilibria modelling and conventional thermobarometry. Dashed lines represent inferred
prograde and retrograde path. The retrograde conditions are constrained by the observed amphibole
volume (10-15%). Mineral assemblage constraints are shown in different shaded areas. The grey star
and grey polygon correspond to those in b and c, respectively.
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pfu in phengite (3.51 apfu; Table 6) at ~650 °C and ~29 kbar (Fig. 21b). These conditions
are within the peak assemblage stability field.
The garnet-omphacite thermometer and garnet-omphacite-phengite barometer
(Krogh Ravna & Terry, 2004) yield ~730-790 °C and ~35-36 kbar (Fig. 21c). These
conditions overlap the Ph + Grt + Omp + Coe stability field.
The retrograde evolution of this eclogite is characterized by the presence of
amphibole and zoisite poikiloblasts. The assemblage containing both minerals is stable at
~500-660 °C and ~15-22 kbar (Figs 21a & d). The observed amphibole volume in the
eclogite, ~10-15%, is used to delimit the retrograde path (Fig. 21d). The phase equilibria
diagram predicts that amphibole is the first mineral to form during decompression
followed by zoisite.

Zoisite eclogite D167
The inferred peak mineral assemblage of eclogite D167 is Grt + Omp + Ph + Zo +
Rt + Qz/Coe. Omphacite preserves quartz pseudomorphs after coesite, suggesting that the
omphacite was stable at UHP conditions (Fig. 17b). Amphibole is interpreted as a
retrograde phase. Similar to the sample described above, phase equilibria modelling fails
to predict a plausible prograde P-T path using the compositional zoning in garnet
Appendix K).
The phase equilibria diagram for sample D167 reveals that the peak assemblage is
stable at >650 °C and >16 kbar (Fig. 22a). The peak assemblage extends into both the
coesite and quartz stability fields. The peak temperature is constrained using the average
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Figure 22. Eclogite D167 thermobarometry. (a) Phase equilibria diagram with mineral assemblages
labeled. The peak assemblage is indicated by the shaded green area. (b) Peak conditions obtained using
the Zr-in-rutile thermometer, and maximum Si pfu in phengite. The Zr-in-rutile thermometry is shown
with a ± 1σ error. (c) Peak conditions obtained using the garnet-omphacite thermometer and garnetomphacite-phengite barometer (Krogh Ravna & Terry, 2004). The figure shows all possible
combinations of mineral compositions (Appendix M). (d) Summary of the P-T constraints from the
phase equilibria modelling and conventional thermobarometry. Dashed lines represent inferred
prograde path. The retrograde conditions are constrained by the observed amphibole volume (5-10%).
Mineral assemblage constraints are shown in different shaded areas. The grey star and grey polygon
correspond to those in b and c, respectively.
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Zr content of rutile from the sample, 149 ± 17 Zr ppm (Hernández-Uribe et al., in prep),
following the Tomkins et al. (2007) calibration. The Zr-in-rutile isopleth intersects with
the maximum Si pfu in phengite (3.53 apfu; Table 6) at ~680 °C and ~32 kbar (Fig. 22b).
The peak conditions are within the Ph + Grt + Omp + Lws + Coe stability field.
The garnet-omphacite thermometer and garnet- omphacite-phengite barometer
(Krogh Ravna & Terry, 2004), yield ~700-720 °C and ~31-32 kbar (Fig. 22c). These
conditions overlap the Ph + Grt + Omp + Coe stability field.
Constraints on the retrograde history are provided by the presence of amphibole.
The assemblage including amphibole is predicted to be stable at ~500-800 °C and ~15-20
kbar (Figs 22a & d). The observed amphibole volume in the eclogite, 5-10%, is used to
delimit the retrograde path (Fig. 22d).

Phengite eclogite D161B
The inferred peak mineral assemblage for eclogite D161B is Grt + Omp + Ph + Rt
+ Qz/Coe. Zoisite poikiloblasts and intergranular amphibole are interpreted to represent
retrograde phases. The phase equilibria diagram built with the XRF whole-rock data fails
to predict the complete observed assemblage. Therefore, a reconstructed bulkcomposition was used to build the phase diagram.
The phase equilibria diagram shows that the peak assemblage is stable at >600 °C
and >16 kbar (Fig. 23a). The peak assemblage extends into both the coesite and quartz
stability fields. The peak temperature is constrained using the average Zr content of rutile
from the sample, 112 ± 17 Zr ppm (Hernández-Uribe et al., in prep), following the
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Figure 23. Eclogite D161B
thermobarometry. (a) Phase equilibria
diagram with mineral assemblages
labeled. The peak assemblage is indicated
in the shaded green area. (b) Peak
conditions obtained using Zr-in-rutile
thermometer, and maximum Si pfu in
phengite. The Zr-in-rutile thermometry is
shown with a ± 1σ error. (c) Peak
conditions obtained using the garnetomphacite thermometer and garnetomphacite-phengite barometer (Krogh
Ravna & Terry, 2004). The figure shows
all possible combinations of mineral
compositions (Appendix M).
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Tomkins et al. (2007) calibration. The Zr-in-rutile isopleth intersects with the maximum
Si pfu in phengite (3.43 apfu; Table 6) at ~630 °C and ~26 kbar (Fig. 23b). These
conditions are within the Ph + Grt + Omp + Lws + Qz stability field, close to the
boundary of the field Ph + Grt + Omp + Qz.
Garnet-omphacite thermometry and garnet-omphacite-phengite barometry (Krogh
Ravna & Terry, 2004) yield ~600-650 °C and ~24-26 kbar (Fig. 23c). These conditions
overlap the peak assemblage field, the Ph + Grt + Omp + Lws + Qz, and the Tlc + Ph +
Grt + Omp + Lws + Qz stability field.
The prograde P-T path for eclogite D161B was determined by calculating the
intersections between garnet´s Grs content and volume isopleths, that represent 27 points
of the garnet compositional profile (Figs 19 & 24; Appendix L). The phase equilibria
diagram reveals that the garnet volume isopleths increase as P-T increases, isopleths are
closely spaced in a temperature range of 500-600°C, and as the isopleths get to the Ph +
Grt + Omp + Qz/Coe field the isopleths are more widely spaced (Fig. 24a). Volume
isopleths are strongly temperature dependent in the lawsonite stability field, whereas in
the zoisite field, isopleths have a gentle negative slope (Fig. 24a). Grs content decreases
as P-T increases and in fields with Lws ± Amp. In the Ph + Grt + Omp + Qz/Coe field,
the Grs content slightly increases with P-T (Fig. 24b). Because of the P-T range where
the pseudosection was built, the P-T point where the first garnet crystalizes is not
observable. The prograde P-T path begins at ~410 °C and ~17 kbar, with a garnet volume
of ~1% and a value of ~35% Grs content (point 1 in Fig. 24c; Appendix L). These
conditions are in the Chl + Amp + Ph + Grt + Omp + Lws + Qz stability field. Garnet
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Figure 24. Eclogite D161B P-T path and petrological constraints. (a) P-T path and modeled garnet
abundance in the eclogite. Calculated volumes and their corresponding grossular compositions are
shown in Appendix L. (b) P-T path and grossular isopleths. Grossular values and their
corresponding volume are shown in Appendix L. (c) Summary of the petrological constraints.
Calculated gradients obtained for this eclogite are shown in the lower-left corner. Dashed lines
represent inferred retrograde path. Numbered stars show P-T conditions discussed in the text. The
retrograde conditions are constrained by the observed amphibole volume (10-15%). Mineral
assemblage constraints are shown in different shaded areas. The grey star and grey polygon
correspond to those in Figure 10b and c, respectively.
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growth continues to the mantle composition at ~518 °C and ~28 kbar, with a garnet
volume of ~16.5% and a value of ~25% Grs content (point 14 in Fig. 24c; Appendix L).
These conditions are in the Tlc + Ph + Gt + Bt + Omp + Lws stability field. Then, the
model predicts a pressure reversal at ~518 °C and ~24 kbar, with a garnet volume of
~17% and a value of ~28% Grs content (point 15 in Fig. 24c; Appendix L). These
conditions are in the Tlc + Ph + Gt + Bt + Omp + Lws stability field. According to our PT path, the garnet rim forms at ~620 °C and ~34 kbar. These conditions correspond to a
garnet volume of 28% and a Grs content of 22% (point 27 in Fig. 24c; Appendix L).
These conditions are in the Tlc + Ph + Grt + Omp + Lws + Coe stability field.
The retrograde evolution of this eclogite is characterized by the presence of
amphibole and zoisite. The assemblage containing these minerals is stable at <710 °C and
<23 kbar (Figs 23a & 24c). The observed amphibole volume in the eclogite, 10-15%, is
used to delimit the retrograde path (Fig. 24c). The phase equilibria diagram predicts that
the first mineral to form during decompression is zoisite followed by amphibole (Figs
23a & 24c).

4.5) DISCUSSION AND CONCLUSIONS
Implications for thermobarometry of MT-(U)HP eclogites
Whole-rock composition
Our findings show the important effect of choosing the correct effective bulk rock
composition. The best example is eclogite D197, where the phase equilibria diagram built
with the XRF data failed to predict the observed peak assemblage. These samples have
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pseudomorphs after coesite preserved in zoisite (Fig. 17a), however in the first model,
zoisite was not predicted at conditions where coesite is stable. The inability of the model
to make such predictions is explained by the presence of millimeter-scale bands of
kyanite and zoisite in certain domains of the rock. These domains of the rocks are more
Al-rich than parts that do not contain these compositional bands. This suggests that
different “local” equilibrium volumes can exist at this scale (mm-scale) and consequently
predict different equilibrium assemblages depending on the part of the rock used for
phase equilibria modelling (cf. Palin et al., 2016a). As has been discussed, the effect of
selecting the correct effective bulk rock composition has important implications for the
topology of stability fields, the presence or absence of certain mineral phases, and
consequently, the modeled compositional and volume isopleths (Palin et al., 2016a;
Guevara & Caddick, 2016).
Our results indicate that even though eclogites present relatively simple mineral
assemblages, compositional domains in MT-(U)HP eclogites at different scales (mm-cm)
can affect the phase equilibria modelling. These results are consistent with complex
equilibration volumes described in UHT granulites and amphibolite-granulite transitional
rocks, yet simpler than rock-melt interaction in local and large scale found in granulitic
rocks (e.g. Guevara & Caddick, 2016; Palin et al., 2016b).

Garnet diffusion: complexities of phase equilibria modelling
Our results demonstrate that modelling of garnet zoning using the compositional
isopleth approach (i.e. intersection between multiple compositional isopleths) is not
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suitable for building complete P-T paths for the studied eclogites (Appendixes I, J, & K).
The observed zoning from Alm and Prp (Figs 16 & 19) is not predicted by the phase
equilibria modelling (Appendixes I, J, & K). The observed garnet XMg in eclogites D167,
D205, and D161B shows a subtler increase from core to rim than expected (Figs 16b & c,
17; Appendixes I, J, & K). On the other hand, in eclogite D197 the XMg is nearly
homogenous through the garnet (Fig. 16a). The predicted XMg from the phase equilibria
modelling do not match the observed garnet zoning in eclogite D197, and only match
certain points of the garnet zoning in eclogites D205 and D167 (Appendixes I, J, & K).
This suggests that diffusion of Fe and Mg has modified the original garnet composition,
changing XMg and producing the observed patterns (Štípská & Powell, 2005; Carlson,
2006; Konrad-Schmolke et al., 2005, 2008; Caddick et al., 2010). Other evidence that
diffusion affected garnet is the presence low-Mg patchy zones (that might represent the
original garnet composition) found in garnets from eclogite D161B (Fig. 19). In contrast,
the preservation of fine-scale features in Ca zoning suggests that Ca zoning is more likely
to represent the original garnet composition, consistent with Ca´s low diffusion rate
compared to Fe and Mg (Caddick et al., 2010). Therefore, the constructed P-T path for
eclogite D161B using the garnet volume and the Grs content should represent a valid
constraint.
With the exception of sample D161B, garnet zoning in the samples is weak and
uncommon. Figure 16 shows examples of the strongest zoning found in the studied
eclogites. The lack of wide-spread zoning suggests that most of the eclogites reequilibrated at moderate temperatures, erasing any record of prograde P-T conditions
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(Konrad-Schmolke et al., 2005, 2008; Caddick et al., 2010). The long HP-UHP event
experienced by the Dulan area (Mattinson et al., 2006; Hernandez-Uribe et al., in prep)
even at moderate peak temperatures (Hernandez-Uribe et al., in prep; this study) could
have been enough to facilitate the garnet´s compositional modification.
Our results suggest that the original garnet composition has been modified by
diffusion, and this might lead to failures in the phase equilibria modelling. Garnet
diffusion might also account for over estimations of P-T conditions using conventional
thermobarometry in previous work (see discussion below; Song et al., 2003b; Zhang et al,
2009; J.X. Zhang et al., 2010; Ren et al., 2016). Nevertheless, our findings indicate that
even when garnet´s composition is modified, phase equilibria modelling can be a
valuable approach for constraining peak conditions when combined with Zr-in-rutile
thermometry (see discussion below).

Conventional thermobarometry vs phase equilibria modelling
Peak conditions calculated with conventional thermobarometry yield higher
temperatures, and (slightly) lower pressures than using the phase equilibria modelling
plus Zr-in rutile approach (Figs 20b-c, 22b-c & 23b-c), with the exception of eclogite
D205, where conventional thermobarometry yields substantially higher pressures and
temperatures (Figs 21b & c). As has been widely discussed (e.g. Carswell et al., 1997;
Krogh Ravna & Terry, 2004; Hacker, 2006), there are high uncertainties associated with
the garnet-omphacite thermometer (e.g. Fe3+ in omphacite) that can account for the
differences in temperatures. However, the obtained temperatures from conventional
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thermometry are the same within the ± 65-85 °C of uncertainty associated with the
calibration (excluding uncertainties related to Fe3+; Krogh Ravna & Terry, 2004). On the
other hand, pressures tend to be more consistent between the two techniques. Excluding
eclogite D205, the garnet-omphacite-phengite barometer gives results within 3 kbar of
results from phase equilibria modelling. Moreover, if the intersection between the garnetomphacite-phengite barometer and the Zr-in-rutile thermometer is used, the obtained
peak conditions are almost identical to those obtained from the phase equilibria
modelling.
We interpret the peak conditions obtained using phase equilibria modelling (i.e. Si
pfu in phengite) and Zr-in-rutile thermometry to be more reliable because they do not
have the sources of uncertainties associated with conventional thermobarometry.
Therefore, our discussion below is made using the data obtained with phase equilibria
modelling (i.e. Si pfu in phengite) and Zr-in-rutile thermometry. Our results indicate that
calculating P-T conditions using conventional thermobarometry serve as a point
comparison with phase equilibria modelling and can also help to put tighter constrains on
the metamorphic evolution of HP-UHP eclogites (Štípská & Powell, 2005).
Furthermore, fluid-rock interaction (see discussion below) might have an
important effect on the compositions of garnet, omphacite, phengite and rutile (e.g. Wei
et al., 2013). For instance, peak P-T estimates of three out of four of our samples fall
close to or in the lawsonite stability field suggesting that the recorded P-T conditions may
represent where mineral compositions were reset by the fluid liberated due to lawsonite
breakdown (Wei et al., 2013; Figs 20d, 21d, 22d, & 23c).
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Metamorphism of the Dulan area, North Qaidam UHP terrane
Prograde metamorphism
Our P-T path built for eclogite D161B shows a minimum P-T gradient of ~11 °C
kbar-1 and a maximum of ~24 °C kbar-1 (i.e. 4-8°C km-1; Fig. 24c). This P-T path shows
apparent P-T fluctuations during the prograde path (Fig. 24c). We interpret that these
pressure fluctuations represent tectonic events affecting the subducting slab. These
pressure fluctuations recorded by changes in Grs content in garnet appear to be a
common feature in Dulan eclogites (Fig. 19; Meyer, 2016; Mattinson et al., unpublished
data). Published studies suggest that zoning in minerals can reflect multiple subduction
and exhumation cycles (e.g. García-Casco et al., 2002; Rubatto et al., 2011). Subduction
and exhumation cycles (subducting slab being partially exhumed and then re subducted)
have been explained by convective flow within the subduction channel (Gerya et al.,
2002; Brueckner, 2006; Blanco-Quintero et al., 2011).
The obtained prograde P-T path indicates a clockwise trajectory and that the
eclogite evolves through the lawsonite stability field (Fig. 24c). These results contrast
with the isothermal prograde P-T path from ~10 to ~30 kbar proposed by G. Zhang et al.
(2010) and Ren et al. (2016). On the other hand, our results are in agreement with
Mattinson et al. (2006) data, who report polycrystalline blocky-shaped clinozoisite
inclusions in garnets from eclogites of the Dulan area, interpreted as pseudomorphs after
lawsonite. The lack of lawsonite, and the ubiquitous presence of zoisite and amphibole in
the studied eclogites suggest that the exhumation paths for the Dulan area might not be
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suitable for the preservation of lawsonite (see discussion below; Clarke et al., 2006;
Tsujimori et al., 2006; Wei et al., 2009).

Peak conditions
The peak conditions obtained using phase equilibria modelling (i.e. Si pfu in
phengite) and Zr-in-rutile thermometry yield P-T conditions in the coesite stability field,
except for eclogite D161B (Figs 20, 21, 22, 23). The peak P-T conditions obtained from
all the eclogites imply depths of ~80-90 km, and are consistent with the petrographic
observation of quartz pseudomorphs after coesite in omphacite and zoisite reported in this
study (Fig. 17), and coesite inclusions in garnet and omphacite in the area (Fig. 4b; G.
Zhang et al, 2009; J.X. Zhang et al., 2010). Eclogites from the south part of the Dulan
area yield peak conditions of ~690 °C and ~29 kbar for eclogite D197 (Fig. 20b & c),
~650 °C and ~29 kbar for eclogite D205 (Fig. 21b & c), and ~630 °C and ~26 kbar for
eclogite D161B (Fig. 23b & c). Eclogite D167 from the north part of the Dulan area
yields ~680 °C and ~32 kbar (Fig. 22b & c). These conditions are in the Grt + Omp + Ph
+ Rt + Qz/Coe ± Ky ± Zo stability field (Figs 20d, & 21d), with the exception of
eclogites D167 and D161B where the peak conditions are obtained in the lawsonite
stability field (Fig. 22d & 24c).
Our results suggest that the southern and northern part of the Dulan area
experienced the same peak conditions. Our obtained peak temperatures (630-680 °C) are
significantly narrower than previously obtained with conventional thermometry (610-830
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°C; Song et al., 2003b, 2006; G. Zhang et al., 2009, 2010; J.X. Zhang et al., 2009, 2010;
Song et al., 2014b).

Retrograde metamorphism
All studied samples contain zoisite, and only sample D197 lack amphibole.
Textural relations suggest that zoisite in samples D161B and D205, and amphibole
crystalized during retrogression. We interpret the formation of these hydrated phases at
~23 kbar and <750 °C (Figs 21d, 22d, & 24c) to be compelling evidence of fluid
infiltration at early-retrograde conditions (e.g. de Sigoyer et al., 1997; Massonne et al.,
2012; Palin et al., 2014). Previous studies suggest that the breakdown of hydrous mineral
phases, like lawsonite and talc, garnet-forming reactions, and fluid infiltration in the
subduction channel liberate large amounts of fluid. These fluids can hydrate surrounding
HP-UHP rocks in the subduction zone, hydrating the eclogitic mineral assemblages
(Pawley, 1994; Schmidt, 1995; Clarke et al., 2006; Wei & Clarke, 2009; Massonne et al.,
2012).
Compositional zoning in amphibole porphyroblasts from sample D205
(Appendixes G & H) also suggests that fluid was present during retrogression. Zoned
amphibole porphyroblasts appear to be a common feature associated with fluid
infiltration during early-retrogression (García-Casco et al., 2002; Massonne et al., 2012;
Weller et al., 2015). Previous studies show that amphibole compositional zoning typically
evolves to glaucophane if the retrograde P-T path experiences significant cooling (e.g.
García-Casco et al., 2002; Massonne & Kopp, 2005; Weller et al., 2015). The observed
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amphibole zoning in eclogite D205 of calcic cores to sodic-calcic rims (Appendix H), and
the lack of sodic amphibole in the Dulan eclogites suggests the retrograde path underwent
temperatures higher than the glaucophane stability field (~550-580 °C; e.g. Weller et al.,
2015). Therefore, the proposed retrograde P-T path for all the analyzed samples needs to
be outside the glaucophane stability field, and with the exception of eclogite D197, needs
to go through the amphibole and zoisite stability fields (Figs 21d, 22d, & 24c).
Our findings contrast with the hypothesis that eclogites from the south part of the
Dulan area experienced wide-spread granulite-facies conditions during exhumation (Song
et al., 2003b; Song et al., 2014b; G. Zhang et al., 2015; Ren et al., 2016). The lack of
evidence of partial melting in the samples and in preliminary phase equilibria diagrams
using the recent published solid-solution model for partial melting in metabasic rocks
support our interpretations (Green et al., 2016; Hernández-Uribe, unpublished data).
Furthermore, phengite in mafic rocks is expected disappear on the solidus (Schmidt &
Poli, 1994; Schmidt et al., 2004), the presence of this mineral in the eclogites from the
south part of the Dulan area contradicts the idea that these eclogites experienced widespread retrogression to granulite-facies conditions and partial melting.
We suggest that HP granulites might correspond to a different unit closer to the
mantle, exposed to higher temperatures and experiencing partial melting. The granulitic
body might be juxtaposed to the HP-UHP eclogites during exhumation (Yu et al., 2011,
2014; Hernández-Uribe et al., in prep). Paired metamorphic belts where HP and/or UHP
rocks with different peak conditions but similar ages appear to be a common feature in
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different orogens around the world
(Guatemala, Maldonado et al., 2016;
Variscan orogen, Konopasek & Shulman,
2005; the Alps, Dale & Holland, 2003;
Ferrando et al., 2008).

Thickness of the Dulan UHP area
Tectonic modelling from Roselle and
Engi (2002) was used to constrain the
thickness of the Dulan UHP area. We
calculated the temperature difference from
the prograde and peak path (i.e. how open is
the P-T loop) from samples located in the
same part of the slab (i.e. upper, middle, or
lower level) from slabs of 1 km, 5 km and 10
km thickness (Fig. 8 in Roselle & Engi,
2002). Then, we built a curve using the
relation of the thickness and their temperature
difference (Fig. 25). For instance, for samples
in the middle crust, a 1 km thick slab has a
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Figure 25. Thickness of the Dulan area. (a)
Comparison with models from the upper part
of the slab. The temperature difference from
the D161B P-T path do not match with the
tectonic models. (b) Comparison with the
models from the middle part of the slab. The
temperature difference of the D161B P-T
path intersects with the thickness axis at
~3.8km. (c) Comparison with the models
from the lower part of the slab. The
temperature difference of the D161B P-T
path intersects with the thickness axis at ~2.8
km.

temperature difference –of ~60 °C,
whereas a 10 km thick slab has a
maximum temperature difference of ~235
°C (Fig. 25).
Our maximum difference obtained
from the P-T path of eclogite D161B (i.e.
~124 °C) suggests that the Dulan area has
a thickness of 3-4 km (Fig. 25b & c). This
comparison also suggests that eclogite
Figure 26. P-T diagram showing the P-T
paths from the studied eclogites. Dashed
lines represent inferred portions of the P-T
path, stars represent peak conditions
calculated using Si pfu in phengite and Zrin-rutile thermometry. Ages correspond to
Hernández-Uribe et al. in prep. The red
line corresponds to the P-T path for the
granulites (Yu et al., 2011, 2014). The
green ellipse represents previous P-T
estimates from conventional
thermobarometry in the Dulan area (Song
et al., 2003b; G. Zhang et al., 2009, 2010;
J.X. Zhang et al., 2009, 2010; Ren et al.,
2016).

D161B did not form in the upper part (Fig.
25a), but in the middle or lower location
within the slab (Figs 25b & c). These
results are minimum constraints because
we assume that the D161B P-T path is
representative of all the eclogites in the
region, yet the study of other rocks could

result in a wider or a thinner P-T path, and therefore, a larger temperature difference.
Our results suggest that the Dulan area represents a medium-thickness body (Fig.
25), being able to preserve temperature gradients within the body (Fig. 12). The
exhuming body was thick enough that heat conduction from lower crust and mantle
depths was slow to heat all the slab. The proposed thickness of the Dulan area is
consistent with the protracted eclogite-facies metamorphism that the area experienced
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(Fig. 10). Our results are consistent with the idea that when thick continental crust enters
the subduction zone, the subduction rate decreases, therefore, thicker proto-UHP terranes
stall at peak depths for longer time (Kylander-Clark et al., 2012).

Tectonic implications of the Silurian-Ordovician continental subduction
Our results show that the eclogites from the Dulan area are the result of a cold
subduction path along a thermal gradient of 4-8 °C km-1, and experienced subduction and
exhumation cycles (~11-24 °C kbar-1; Figs 24c & 26). The obtained P-T paths show that
eclogites experienced similar peak conditions at depths of ~80-90 km (Fig. 26). During
exhumation to mid-crustal depths (~60 km), external fluids infiltrate and trigger
amphibole and zoisite growth. The fluid source might be the lawsonite breakdown in
other rocks or might come from other sources. Furthermore, the peak, and retrograde
conditions of the different eclogites (Fig. 26) suggest that the Dulan area exhumed as a
coherent body with little mixing through the subduction channel.
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5. CONCLUDING REMARKS
Based on the detailed study of a spatially distributed set of eclogites I can conclude that:
1. The Dulan area experienced a protracted eclogite-facies event, from c. 463 Ma to
425 Ma. Analyses from the inherited zircon cores indicate that the eclogites have
a magmatic Proterozoic origin (c. 928-905 Ma).
2. Zr-in-rutile thermometry applied to a set of spatially distributed eclogites yields a
narrow range of peak temperatures of 647-711 °C. Zr-in-rutile thermometry is an
effective technique to calculate temperatures in MT- (U)HP eclogites. However, it
is important to notice that retrogression has an effect on the calculated
temperatures.
3. The obtained P-T paths revealed that eclogites form at 630-680 °C and 26-32
kbar. One prograde path shows that the eclogite experienced prograde
metamorphism through the lawsonite stability field. Fluid-eclogite interaction
(either from an internal or external source) formed amphibole and zoisite at earlyretrograde conditions. Even though mineral phases, like garnet, experience
compositional changes (e.g. diffusion), phase equilibria modelling can still
provide useful petrological information to put constraints on the P-T evolution of
intermediate temperature (U)HP eclogites. Moreover, when combining with Zrin-rutile thermometry, it can be a powerful tool to constrain peak conditions.
4. The Dulan area preserves an east-west thermal gradient of ~1 °C km-1, and
experienced a slow heating of ~1 °C Myr-1. The area exhumed as a body of at
least 3-4 km thick body.
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